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N°w  methods  for  obtaining  scattering  and  absorption  from  tropospheric  visible 

spectrum  data, 
by 

Jacqueline  I.  Gordon 

ABSTRACT 

This  is  the  final  report  of  Contract  DAAG29-84-C-0014.  This  work  was 
carried  out  over  a  two  and  one  half  year  period,  resulting  in  successful 
completion  of  the  proposed  work  and  seven  articles. 

During  the  contract  period,  new  methods  for  obtaining  absorption,  aerosol 
and  total  scattering  optical  thickness,  and  single  scattering  albedo  from 
tropospheric  visible  spectrum  data  were  published  and  then  used  on  two  extant 
sets  of  tropospheric  optical  data  in  the  visible  spectrum.  One  ground-based 
set  of  measurements  predated  heavy  atmospheric  pollution.  The  other  set  of 
airborne  measurements  was  from  a  metropolitan  area  containing  pollution 
sources. 

Application  of  the  methods  to  these  data  sets  further  developed  the 
methods,  provided  substantial  examples  of  their  use,  served  to  update  the 
data,  and  provided  a  means  to  access  all  the  atmospheric  optical  data  measured 
prior  to  1976  by  the  Visibility  Laboratory ,  University  of  California  at  San 
Diego.  A  significant  finding  was  that  the  aerosol  scattering  optical 
thickness  of  the  total  atmosphere  or  of  separate  haze  layers  can  be  described 
by  a  modified  Angstrom  equation  in  which  the  constant  is  a  function  of  the 
power  of  the  wavelength. 

1.  STATEMENT  OF  PROBLEM 

The  word  aerosol  is  used  herein  to  describe  the  liquid  and/or  solid 
particulates  exclusive  of  the  gas  phase  in  which  they  are  embedded.  This  is 
consistent  with  Prospero,  et  al .  (1983). 

1.1  Technical  Problem 

New  methods  for  obtaining  scattering  and  absorption  from  atmospheric 
visible  spectrum  data  were  to  be  used  on  two  data  sets  (the  sets  are  described 
in  detail  in  Appendices  F  and  G) .  These  data  sets  belong  to  a  larger  body  of 
atmospheric  optical  data  at  the  Visibility  Laboratory,  University  of 
California,  San  Diego,  measured  prior  to  1976.  The  large  tropospheric  optical 
data  bank  was  taken  primarily  under  the  aegis  of  the  Air  Force  Geophysics 
Laboratory.  All  the  data  were  in  a  binary  format  no  longer  in  use,  and  stored 
on  unmaintained,  7-track  magnetic  tapes.  In  the  process  of  using  these  two 
data  sets  a  procedure  was  to  be  developed  providing  ready  access  to  this  large 
body  of  atmospheric  data. 

The  plan  was  to  use  the  Cybe’-  at  Oregon  State  University  to  read  the  data 
from  the  7-track  tapes,  translate  the  data  to  ASCII,  and  transfer  it  directly 
to  the  STRIDE  computer  at  Viz.  Ability,  Inc.  Obstacles  included  the  inability 
to  directly  connect  the  two  computers  and  unacceptable  telephone  data  transfer 
rates.  The  solution  required  the  development  of  a  9-track  tape  drive  system 
for  the  STRIDE  computer  (none  was  previously  available).  These  unexpected 
obstacles  resulted  in  a  portion  of  the  no-cost  extension  to  the  contract 


These  data  sets  are  unique  in  character  and  over  the  years  have  been 
extremely  useful  for  checking  analytical  methods,  theories  and  modeling. 
Developing  the  program  for  translating  the  binary  tape,  transferring  the  data 
to  9-track  tapes,  and  using  ASCII  format,  insured  the  continuing  accessibi 1 ity 
of  a  large  optical  data  bank. 

1.2  Scientific  Problem 

Scattering  and  absorption  in  the  visible 

Modelers  tend  to  use  AFGL's  Program  LOWTRAM  [Kneizys,  et  al .  (1980)] 
to  specify  the  absorption  for  broad  band  spectrum  problems.  L OUTRAN  neglects 
absorption  for  the  visible  except  for  the  ozone  Chappuis  bands.  Comparison  of 
space-to-earth  total  radiance  transmittance  values  to  scattering  transmittance 
values  [Johnson  and  Gordon  (1982)  and  Gordon  and  Johnson  (1984)]  indicated 
that  this  was  probably  true  for  the  spectrum  below  550  nm  but  not  above, 
although  the  absorption  was  not  large.  This  wa s  borne  out  by  Tashenov  (1970) 
although  he  did  not  interpret  his  results  in  this  manner.  It  was  proposed  to 
obtain  atmospheric  absorption  for  passbands  in  the  visible  and  to  check 
whether  the  absorption  is  related  to  the  overall  total  transmi ttance  or 
whether  it  is  relatively  constant. 

Seven  new  methods 

A  technical  report  [Gordon  (1982)]  by  the  principal  investigator 
contained  the  theoretical  bases  for  several  innovative  methods  for  obtaining 
scattering  and  absorption  optical  thickness  from  atmospheric  visible  spectrum 
data.  We  proposed  publishing  three  articles  on  the  scattering  and  absorption 
methods  (Appendices  B,  C  and  0).  We  also  proposed  further  developing  and 
testing  those  methods  (Appendices  F  and  G). 

To  further  develop  and  test  these  methods,  they  were  applied  to  two  data 
sets.  Both  data  sets  had  been  processed  to  the  point  that  all  measurements 
were  in  calibrated  radiometric  form.  Both  had  sky  scanner  data  with  full  2 it 
sky  radiance  coverage  using  a  5  degree  resolution,  neither  contained  values  of 
total,  absorption,  scattering,  aerosol  absorption,  or  aerosol  scattering 
optical  thicknesses.  The  objective  was  to  specify  in  detail  the  separate 
roles  of  absorption,  emission  and  scattering  as  they  relate  to  the  troposphere 
and  the  total  atmosphere  in  the  visible  and  near-infrared. 

Four  of  the  new  methods  were:  aerosol  optical  thickness  from  solar 
almucantar  radiances,  scattering  from  sky  radiance  ratios,  absorption  optical 
thickness  from  net  flux,  and  the  critical  scattering  angle  for  radiometer 
error.  These  will  be  further  explained  in  the  results  section. 

Equation  of  transfer  for  scalar  irradiance.  Reviewers  discovered  an 
error  in  the  equation  of  transfer  for  scalar  irradiance.  This  was  corrected 
and  an  analysis  of  the  equation  made  using  the  model  atmosphere  from  Gordon 
(1969).  This  corrected  equation  (Eq.  35  Appendix  D)  proved  too  complicated  to 


be  easily  used  for  the  recovery  of  absorption  optical  thickness.  Therefore  it 
was  not  used  as  planned  with  the  second  data  set. 


Near-sun  error  correction.  Both  data  sets  also  included  an  error  in 
the  sky  radiances  near  the  sun.  For  data  set  one,  we  proposed  correcting  the 
sky  radiance  data  from  the  scanner  and  then  comparing  the  resulting  sky 
irradiance  plus  sun  irradiance  from  the  transmi ssometer  to  the  total 
irradiance  from  the  i rradi ometer.  This  analysis  indicated  the  comparisons 
depended  on  the  calibration  period  of  the  respective  measurements.  This  was 
indicative  of  i nter-i nstrumental  calibration  differences  rather  than  a  faulty 
correction  method.  The  analysis  on  the  first  data  set  was  not  included  in 
the  submitted  article  (Appendix  F),  as  it  seemed  extraneous.  The  correction 
method  (given  in  detail  in  Appendix  G)  was  also  used  on  the  second  data  set. 

Single  scattering  albedo  from  horizon  sky.  We  also  proposed  using  a 
single  scattering  albedo  method  LEq.  52,  Appendix  B  based  on  work  by  Roessler 
and  Faxfog  (1981)]  on  the  second  data  set.  The  5°  field  of  view  of  the 
scanner  necessitated  the  use  of  a  measurement  at  87.5°  rather  than  at  90°. 

This  would  have  added  an  additional  approximation  to  the  method  and  would  have 
meant  that  the  single  scattering  albedo  would  apply  to  the  entire  atmosphere 
above  the  sensor,  rather  than  to  the  altitude  of  measurement.  Instead, 
another  means  of  determining  single  scattering  albedo  within  the  haze  layers 
was  employed  as  is  reported  in  Appendix  G.  The  single  scattering  albedo 
method  as  given  in  Eq.  52  of  Appendix  B,  should  be  applied  to  horizontal 
measurements  with  a  smaller  field  of  view,  under  conditions  whereby  a  cloud 
free  field  of  view  can  be  verified.  Neither  of  these  conditions  existed  in 
data  set  two. 


2.  SUMMARY  OF  IMPORTANT  RESULTS 

The  notation  used  is  that  adopted  by  the  Visibility  Laboratory  as 
explained  in  Duntley,  et  al .  (1957).  It  has  been  modified  to  correspond 
to  the  Optical  Society  of  America  recommendations  in  Sec.  1  of  Driscoll  and 
Vaughan  (1978).  An  explanation  of  the  specific  symbols  used  in  the  body  of 
this  report  are  contained  in  a  glossary  in  Sec.  6. 


2.1  Development  and  Testing  of  New  Methods 

In  order  to  get  the  maximum  amount  of  information  on  the  methods 
themselves,  the  first  data  set  was  restricted  to  those  data  obtained  on 
optically  stable  days.  In  this  way,  a  number  of  values  could  be  obtained  of  a 
single  constant  quantity  and  standard  deviations  from  the  average  value 
obtained  as  a  measure  of  the  precision  of  the  method. 

We  discussed  three  of  the  methods:  near-sun  error  correction,  single 
scattering  albedo  from  horizon  sky,  and  the  equation  of  transfer  for  scalar 
irradiance  in  the  statement  of  problem  section.  We  will  now  discuss  the 
remaining  four  methods. 

Aerosol  optical  thickness  from  solar  almucantar  radiances 


K 
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radiances  at  55°  and  125°  scattering  angle  8  from  the  sun  by  means  of  (Eqs.  17 
and  44,  Appendix  C) 

Mt  ( z)=4tt[L*( z ,9,55°8)“L*(z,9,12508)/<.e(z)m(9).  (1) 

An  explanation  of  the  notation  used  in  Eq.  1  is  given  in  the  glossary  in 
Sec.  6.  The  theoretical  development  of  the  equation  is  given  in  Appendix  C. 
Equation  1  is  an  abbreviated  version  of  the  method  of  Livshits  and  Pavlov 
(1470) . 

This  method  was  tested  (as  reported  in  Appendix  F)  using  the  first  data 
set  with  the  sun  scalar  i rradi ance  based  on  the  Langley  determination  of  the 
total  optical  thickness  for  the  day.  The  aerosol  optical  thickness  was  found 
to  be  highly  dependent  on  the  accuracy  or  absolute  calibration  of  the  sky 
radiance  values.  When  the  absolute  calibration  was  verifiable,  the  STD  of  the 
aerosol  optical  thickness  was  0.0072.  Comparison  to  the  total  scattering 
optical  thickness  from  sky  radiance  ratios  can  be  used  as  one  test  for  -he 
adequacy  of  the  absolute  calibration  of  the  radiometer. 

Scattering  from  sky  radiance  ratios 


When  the  nephelometer  data  are  graphed  in  the  form  of  the  ratio  *c(z,8) 
(measured  to  Rayleigh  volume  scattering  function)  as  a  function  of  the  optical 
scattering  mixing  ratio  Q(z)  (measured  total  to  Rayleigh  volume  scattering 
coefficient),  simple  relationships  emerge  for  each  scattering  angle.  See 
Figs.  4  and  5  in  Appendix  B.  All  visible  spectrum  broad  band  measurements  at 
all  altitudes  in  the  troposphere  (based  on  ground-based  to  6  km  measurements) 
measured  all  over  the  world  between  1968  and  1980  result  in  these  predictable 
relationships.  These  relationships  are  derivable  from  the  Barteneva  (1960) 
catalog  of  proportional  volume  scattering  functions.  This  is  a  tremendous 
simplification  for  modelers  of  the  radiation  field  and  of  contrast 
transmi ttance.  The  Hering  (1984)  model  for  predicting  contrast,  contrast 
transmi ttance  and  sky  radiance  makes  use  of  this  simplification. 


The  method  for  obtaining  scattering  from  sky  radiance  ratios  is  based  on 
the  above  simplification  and  the  Barteneva  catalog  of  proportional  volume 
scattering  functions.  The  total  scattering  optical  thickness  can  be  obtained 
by  means  of  the  ratio  of  sky  radiances  measured  at  55°  scattering  angle  from 
the  sun  at  two  zenith  angles  (Eqs.  60  and  61,  Appendix  B) 

L  (z,9,55°8)/L  (z,9‘  ,55°3)  =  [l-exp(-  t  (z)m(9  )]/[l-exp(-  t  (z)m(Q')]. 

OO  00  5  09  J  ))  OB  5 

The  theoretical  development  of  this  equation  is  detailed  in  Appendix  3. 

This  is  a  further  development  of  the  nomographic  method  of  Kushpil'  and 
Petrova  (1971). 


(2) 


be 


This  method  was  tested  using  the  first  data  set.  It  was  found  to 
accurate  but  not  precise.  The  standard  deviation  (STD)  of  the  total 
scattering  optical  thickness  being  0.0269  as  noted  in  Appendix  F.  Since  the 
radiances  are  used  in  a  ratio,  absolute  calibration  errors  are  factored  out 
but  precision  errors,  and  approximation  errors  due  to  the  use  of  55°  3  remain. 


Absorption  optical  thickness 

The  absorption  optical  thickness  for  the  visible  spectrum  can  be  obtained 


by  (Eq.  47,  Appendix  D) 

atA2(z)=[5(z0)-c(z)]/7ny.  (3) 

The  theoretical  development  of  this  equation  is  given  in  Appendix  D.  It  was 
based  on  a  review  of  Duntley,  et  al .  (1957),  Chandrasekhar  (1960),  and 
Prei sendorfer  (1976). 

Successful  use  of  Eq.  (3)  requires  optical  stability  during  the  time  of 
measurement  at  two  altitudes.  The  use  of  Eq.  3  was  successfully  tested  on 
data  set  two  and  reported  in  Appendix  G. 

Critical  scattering  angle  for  radiometer  error 

When  a  day  is  optically  stable  it  is  possible  to  use  solar  almucantar 
values  to  determine  the  critical  scattering  angle  from  the  sun  6  within  which 
sky  radiance  measurements  contain  spurious  sun  reflections.  This  is  an 
inversion  of  a  method  used  by  Pyaskovskaya-Fesenkova  (1970)  for  checking  for 
optical  stability.  This  method  is  described  in  detail  in  Appendix  C.  It  was 
further  tested  and  used  on  data  set  one,  determining  in  this  case  that  the 
radiances  closer  than  15°s  had  consistent  errors.  This  is  described  in  detail 
in  Appendix  F.  The  method  yielded  consistent  results  regardless  of  the 
passband  used. 

2.2  Unproposed  Material 

The  contract  enabled  the  publication  of  one  article  (Appendix  A)  which 
nad  been  written  prior  to  the  contract.  A  no-cost  extension  of  the  original 
two  year  contract  period  provided  time  for  the  writing  and  presentation  of  two 
unprooosed  papers,  inclusion  of  additional  unproposed  material  in  another 
article  (Appendix  3)  and  the  publication  of  one  of  the  additional  papers 
(Appendix  E).  One  of  the  additional  papers  which  concerned  daytime  visibility 
and  was  presented  at  a  meeting  of  the  Optical  Society  of  America,  October 
1936,  was  rejected  for  publication.  Because  it  has  not  yet  been  rewritten  for 
submission,  it  has  not  been  included  in  the  appendices. 


The  equilibrium  radiance  model  in  Gordon  (1969),  which  assumes  constancy 
in  the  source  function  along  the  path  of  sight,  predicts  equilibrium  radiance 

*  _  .  r  .  __  _  ■ _ _  c  _ _ 1  r _ a.  _  _  u  * _ _  _ _ j.  _  _ _  _i  ^  _"IT  _ 
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lomparisons  are  made  of  the  constant  equilibrium  radiance  model 
sky  radiance,  irradance,  and  equilibrium,  radiance  to  (1)  other 


)•  the  Payleigh  atmophere,  and  ( 2 )  to  measurements  in  the  troposphere 
atmospheres.  The  agreements  are  good. 


-ppendl  <  3 

Appendix  included  equations  derived  for  relating  the  integrating 
nepbe I ometer  measurements  to  the  total  volume  scattering  coefficient  and  the 
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volume  scattering  functions  at  30°  and  150°.  These  equations  take  into 
consideration  the  effects  of  non-uni formi ty  of  the  light  beam  over  the  cross 
sectional  area,  variations  from  true  cosine  acceptance  of  the  i rradi ometer, 
and  truncation  of  the  optical  integration  near  scattering  angles  0°  and  130°. 
Although  in  use  for  some  time,  this  material  had  never  been  published. 

Appendix  E 

Appendix  E  was  written  as  an  invited  paper  for  an  international  symposium 
on  atmospheric  transparency  for  sattelite  applications  held  in  Capri,  Italy  in 
September  1986.  The  bulk  of  the  data  for  this  paper  came  from  the  data  set 
described  in  Appendix  F. 

Three  data  sets  were  presented.  They  ranged  from  data  taken  during  the 
early  development  of  the  earth-to-space  method  to  data  taken  to  provide  ground 
truth  for  remotely  sensed  measurements.  Although  these  data  were  primarily 
measured  to  provide  ground  truth  for  specific  remote  sensing  projects,  they 
provide  a  sufficiently  large  data  base  with  which  to  evaluate  the  expected 
range  of  variables  as  a  function  of  solar  zenith  angle,  wavelength,  and  over  a 
number  of  seasons.  Values  were  presented  for  vertical  downward  path 
reflectance,  but  they  can  be  made  applicable  to  downward  slant  paths  of  sight 
by  means  of  a  correction  factor  (a  function  of  the  radiance  transmittance  and 
si  ant  path  angl e) . 

Path  radiance  is  the  radiance  scattered  into  the  path  of  sight  from  all 
4 it  directions.  This  radiance  is  not  generally  the  same  in  both  directions 
along  the  same  path,  however,  a  method  [Gordon,  et  al  .  (1973)]  is 
available  whereby  the  path  radiance  from  earth  to  space  can  be  predicted  from 
ground-based  measurements.  Path  reflectance  combines  the  effects  of  path 
radiance,  downwelling  irradiance  and  radiance  transmittance.  An  equation  to 
determine  apparent  object  reflectance  was  derived  which  relates  the  path 
reflectance  to  the  masking  effect  of  the  veiling  light  scattered  into  the  path 
of  sight  for  any  inherent  object  reflectance. 

Path  reflectance  takes  into  consideration  two  concerns  of  atmospheric 
transparency  determination:  the  loss  of  image  forming  light,  and  the  veiling 
effect  of  scattered  light.  It  is  a  convenient  an  powerful  way  of  expressing 
both  the  loss  and  gain  for  the  image  forming  signal. 

2.3  Investigation  Results 

Our  objective  was  to  specify  in  detail  the  separate  roles  of  absorption, 
emission  and  scattering  as  they  relate  to  the  atmosphere  in  the  visible  and 
near-i nf rared  windows.  Since  the  data  were  for  the  visible  and  very-near 
infrared,  emission  is  negligible  (see  p.  275,  Appendix  0). 

Hitherto,  there  has  been  no  means  of  separating  anything  but  Rayleigh 
scattering  and  ozone  absorption  from  the  total  optical  thickness  in  the  broad 
passbands  for  the  total  atmosphere.  In  the  past,  very  narrow  pass  bands  were 
selected  in  order  to  hit  windows  where  gas  phase  absorption  bands  could  be 
avoided,  in  an  attempt  to  isolate  the  total  aerosol  effect. 

The  first  data  set  was  taken  at  the  Visibility  Laboratory  which  is 
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situated  on  a  point  of  land  surrounded  on  3  sides  by  water  (the  ocean  and  San 
Diego  Bay)  and  somewhat  removed  from  the  city  with  its  ever  constant 
automobile  exhausts.  It  was  also  measured  at  a  time  before  heavy  population 
buildup  added  to  the  local  pollution.  By  restricting  the  analysis  to 
optically  stable  days,  the  airmass  tended  to  be  continental,  during  Satanas  or 
devil  days.  The  second  data  set  was  deliberately  chosen  to  represent 
measurements  in  a  rather  polluted  atmosphere.  Thus,  we  obtained  a  measure  of 
the  importance  of  the  many  small  absorption  bands  above  550  nm  for  low 
concentration  gases  in  the  atmosphere  using  one  data  set  and  a  measure  of  the 
absorption  from  gaseous  and/or  particulate  pollution  sources  from  the  second 
data  set. 


For  data  set  one,  the  combined  measurements  from  a  solar  transmi ssometer 
and  sky  scanner  allow  the  isolation  of  aerosol  scattering  and  absorption 
optical  thickness  in  the  visible  portion  of  the  spectrum.  With  this 
combination  one  can  obtain  values  for  broad  or  narrow  passbands,  within  or  not 
within  absorption  windows.  With  an  accurate  value  for  aerosol  scattering 
optical  thickness  available,  the  optical  scattering  mixing  ratio  and  single 
scattering  albedo  help  detail  the  state  of  the  atmosphere. 


Absorption 


Actual  values  of  absorption  optical  thickness  for  through  the  atmosphere 
(first  data  set)  and  for  the  primary  and  secondary  haze  layers  (second  data 
set)  were  obtained,  a  unique  accomplishment. 


The  absorption  recovery  technique  used  in  the  second  data  set  is  limited 
to  the  visible  spectrum  or  shorter  wavelengths  but  may  be  used  for  broad  or 
narrow  passbands.  Longer  wavelengths  require  an  emission  term  (see  Eq.  46, 
Appendix  D).  The  equations  do  not  require  an  unobscured  sun,  only  that  the 
data  from  the  two  altitudes  be  consistent  (that  is,  as  if  they  had  been 
measured  s imul taneously ) .  One  of  the  checks  used  was  to  compare  the  results 
by  mean  wavelength  of  the  filter.  Another  was  to  compare  the  results  for  the 
total  path  and  the  path  increments. 

Each  of  the  two  data  sets  chosen  included  one  passband  below  550  nm,  one 
above  550  nm  and  one  photopic  or  near  photopic.  The  photopic  is  such  a  broad 
passband  it  was  hard  to  predict  gaseous  absorption  without  some  direct 
measurements. 

Gaseous  absorption  in  the  visible.  The  visible  portion  of  the 
spectrum  contains  significant  gaseous  absorption  due  to  continua.  Mot  only  is 
the  Chappuis  ozone  continuum  significant  but  the  nitrogen  dioxide  continuum 
affects  wavelengths  from  300  to  550  nm  according  to  Shaw  (1976).  In  addition 
Op  and  water  vapor  have  absorption  bands  in  the  visible  and  very  near 
infrared  which  cannot  be  ignored  as  shown  by  King,  et  al  .  (1980)  and  as 
described  in  Appendix  F. 

Aerosol  absorption  optical  thickness  .  In  attempting  to  recover 
aerosol  absorption,  all  the  sources  of  gaseous  absorption  must  be  taken  into 
account  or  bypassed,  in  the  case  of  the  band  absorptions,  by  judicious 
selection  of  narrow  passbands  for  the  sensors.  The  aerosol  single  scattering 
albedo  is  a  ratio  important  for  understandi ng  the  effect  of  the  aerosol 


absorption  relative  to  the  total  aerosol  optical  thickness. 


m 


In  Appendix  F  (data  set  one)  we  found  that  aerosol  absorption  can  be 
significant  even  on  days  of  greater  transparency  than  the  average  clear  day. 
For  the  data  for  optically  stable  days,  one  could  not  predict  the  presence  or 
absence  of  aerosol  absorption  on  the  basis  of  total  optical  thickness. 

For  the  second  data  set  (urban  pollution),  we  were  able  to  obtain  a 
reasonable  value  of  aerosol  absorption  for  the  secondary  haze  layer  but  not 
for  the  primary  haze  layer  (Appendix  G).  Further  knowledge  of  the  types  and 
amounts  of  polluting  gases  present  would  be  needed  to  obtain  an  aerosol 
absorption  value  for  the  primary  layer.  Use  of  judiciously  selected  narrow 
passbands  would  aid  in  the  identification  of  these  gases  and  consequent 
isolation  of  the  aerosol  absorption  optical  thickness. 

Aerosol  scattering  optical  thickness 


When  aerosol  scattering  optical  thickness  is  separated  from  the  aerosol 
absorption,  a  modified  Angstrom  equation  describes  the  data  well 

MtAZ(z)=lnB'  +  c'lnx.  (4) 

Mot  only  that  but  the  constant  InB'  is  a  linear  function  of  the  slope  c‘ 

1  nB ' =  b  +  me 1  .  (5 ) 

This  relationship  only  becomes  apparent  when  the  scattering  and 
absorption  of  aerosols  are  separated.  The  relationship  in  the  classical 
Angstrom  (1929)  equation,  which  relates  the  total  aerosol  optical  thickness  to 
wavelength,  is  distorted  by  the  inclusion  of  the  aerosol  absorption  optical 
thickness. 

All  the  data  from  the  two  data  sets  fit  these  equations  resulting  in  a 
single  set  of  constants,  b=-3 .243  and  m=-7.108  where  the  wavelength  X  is  in 
nm.  See  Fig.  2  in  Appendix  G.  This  app’ies  to  the  complete  visible  spectrum 
400  to  700  nm.  The  data  are  from  cases  of  clearer  than  the  average  clear  day 
to  heavy  urban  pollution. 

An  alternate  form  of  the  Angstrom  equation  was  developed  (Eq.  10, 

Appendix  G) 

c'  =  ^Vaz^  ‘  b^m  *  lrU-’  (°) 

where  b  and  m  are  invariant.  Thus  a  measurement  of  aerosol  scattering 
optical  thickness  at  one  wavelength  will  predict  the  slope  c'  and  allow  a 
prediction  of  aerosol  scattering  optical  thickness  at  other  wavelengths. 


The  two  data  s 
and  appear  to  defin 
scattering  optical 
1  ayer  or  two.  The 
data  sets  are  compl 
employed  different 
passbands  used  are 
portion  of  the  vi  si 


ets  together  encompass  a  large  range  of  optical  thickness 
e  a  relationship  which  is  invariant  whether  the  aerosol 
thicknesses  are  for  the  entire  atmosphere  or  for  a  haze 
methods  of  measuring  the  optical  thicknesses  for  the  two 
etely  different.  Both  were  visible  spectrum  data  sets  but 
instruments,  passbands  and  data  collection  procedures.  The 
not  equivalent  although  they  encompass  about  the  same 
ble  spectrum.  The  data  are  limited  to  passbands  with  mean 


wavelengths  between  459  and  564  nm  but  the  results  should  apply  to  the  entire 
visible  spectrum  400  to  700  nm. 

It  is  important  to  check  these  results  further  on  additional  data  with 
particular  emphasis  on  dust,  smoke  and  aerosols  with  salt  nuclei  to  see  how 
general  this  relationship  is. 
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6.  GLOSSARY 


E(z,d) 
E(z,u) 
L*(z  ,9,s) 


L  ( z  ,9  ,3) 

00  b 


n(Q) 

Q(z) 

«2(z,8) 

s(z) 

rS(z) 

aVz) 

M  t  (Z) 


mcaz(z) 


s1.'2' 


3(Z,S) 

P  j  ( z  ,  8  ) 

0 


total  downwelling  irradiance  on  a  flat  horizontal  plate 

upwelling  irradiance  on  a  flat  horizontal  plate 

sky  radiance  or  path  radiance  from  out-of-the 
atmosphere  to  the  altitude  z 

solar  almucantar  sky  radiance  at  altitude  z,  sun 
zenith  angle  9,  and  scattering  angle  8 

relative  optical  airmass  at  zenith  angle  9 

optical  scattering  mixing  ratio  Q(z)  =  s(z)/Rs(z) 

volume  scattering  function  ratio^{z,8l  =  j(z  ,b)/r~(  z  ,8 ) 

total  volume  scattering  coefficient 

Rayleigh  volume  scattering  coefficient 

absorption  optical  thickness  for  altitude  increment  Az 
above  altitude  z 

aerosol  scattering  optical  thickness  from  out-of-the 
atmosphere  to  altitude  z 

aerosol  scattering  optical  thickness  for  altitude 
increment  az  above  altitude  z 

scattering  optical  thickness  from  out-of-the  atmosphere 
to  altitude  z 

altitude 

scattering  angle 

sun  scalar  irradiance  at  altitude  z  (irradiance  unweighted  by 
cosine  of  sun  zenith  angle) 

average  total  scalar  irradiance  in  altitude 
increment  above  altitude  z 

net  irradiance,  C(z)  =  E(z  ,d)-E( z,u) 

zenith  angle 

sun  zenith  angle 

wavel ength 

volume  scattering  function  at  altitude  z  and  scattering  angle  8 

Rayleigh  volume  scattering  function 

azimuth 
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Equilibrium  radiance  model  applications  and  comparisons 
to  atmospheric  measurements  and  Rayleigh  models 


Jacqueline  I.  Gordon  and  Richard  W.  Johnson 


The  equilibrium  radiance  model,  which  aasumea  constancy  tn  the  source  function  along  the  path  of  sight, 
predicts  equilibrium  radiance  ss  a  function  of  the  angle  from  the  sun.  Measurements  made  at  all  altitudes 
in  the  troposphere  of  cloudless  sky  radiance  in  the  visible  spectrum  consistently  support  this  prediction.  As 
a  result,  sky  radiances  can  be  used  to  obtain  ill  vertical  space- to -sensor  scattering  transmittance.  (2)  equi¬ 
librium  radiance,  and  (3)  path  radiance  through  the  atmosphere  and  in  the  troposphere.  Comparisons  are 
made  of  the  constant  equilibrium  radiance  model  predictions  of  sky  radiance,  irradiance.  and  equilibrium 
radiance  to  (1)  other  models  for  the  Rayleigh  atmoephere.  and  (2)  to  measurements  in  the  troposphere  for 
thin  atmospheres.  The  agreements  are  good. 


I.  Introduction 


A  constant  equilibrium  radiance  (source  function) 
model  of  a  cloud-free  atmosphere  for  use  in  the  visible 
spectrum  was  presented  earlier.1  It  is  based  on  tom 
assumptions:  (1)  that  the  equilibrium  radiance  is 
constant  along  the  path  of  sight,  and  (2)  absorption  is 
negligible.  The  scattering,  however,  is  not  assumed  to 
be  isotropic.  There  are  other,  more  precise  models  for 
the  atmosphere.2-3  but  the  value  of  the  equilibrium  ra¬ 
diance  model  is  that  it  leads  to  useful  methods  for  ob¬ 
taining  scattering  transmittance,  equilibrium  radiance, 
and  path  radiance  from  sky  radiances.  It  also  provides 
an  equation  for  a  simple  fast  prediction  of  irradiance, 
sky  radiance,  and  equilibrium  radiance. 

The  purpose  of  this  article  is  to  summarize  work  to 
date  using  the  equilibrium  radiance  model  equations 
in  relation  to  measurements  of  optical  properties  of  the 
atmoephere  by  the  Visibility  Laboratory.  This  has 
hitherto  only  been  available  in  unrefereed  reports.  The 
notation  used  is  that  adopted  by  the  Visibility  Labo¬ 
ratory4  and  modified  to  correspond  to  OSA  recom¬ 
mendations  in  Sect.  1  of  Driscoll  and  Vaughan.5 


An  important  facet  of  the  equilibrium  radiance  model 
is  that  the  path  radiance  (light  scattered  into  the  path 
of  sight  that  reaches  the  sensor)  and  hence  sky  radiance 
(path  radiance  for  paths  of  sight  from  the  boundary  of 
the  atmosphere  to  the  sensor)  are  a  function  of  the 
equilibrium  radiance  and  the  radiance  transmittance 
of  the  path.  The  consistency  of  the  resulting  equation 
with  various  aspects  of  the  real  atmosphere  will  be  re¬ 
viewed. 

Predictions  using  the  model  equations  will  be  com¬ 
pared  to  the  results  from  other  models  for  the  photopic 
Rayleigh  atmosphere.  Similar  computations  for  the 
non-Rayleigh  atmosphere  using  normalized  volume 
scattering  functions  from  Barteneva6  will  then  be 
compared  to  atmospheric  measurements. 

Predictions  have  been  made  for  a  full  range  of  sun 
zenith  angles  and  ground  albedos  for  the  following 
ground  level  optical  properties:  equilibrium  radiance 
and  reflectance,  sky  radiance,  down  welling  irradiance 
and  scalar  irradiance  (4w  times  the  average  intensity), 
vertical  earth -to- space  path  radiance  and  reflectance, 
and  path  function.  Only  a  small  sample  from  these 
computations  is  presented  here. 

This  concept  of  equilibrium  radiance  is  a  natural 
consequence  of  the  equation  of  transfer  (Eq.  (10)  Ref. 
41: 


4HijS,*/dr  *  -aiz)LU,6,it\  +•  L,U .0.0). 
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This  equation  relates  the  incremental  change  in  radi¬ 
ance  dL{z,9,<t>)  at  altitude  z  for  the  path  of  sight  at  ze¬ 
nith  angle  $  and  azimuth  <t>,  over  the  incremental  path 
length  dr  to  the  attenuation  (scattering  plus  absorption) 
coefficient  a(z),  the  radiance  L(z,(.<i>),  and  the  path 
function  The  preceding  (,c~’-ion  applies  to 

monochromatic  radiation  but  can  also  be  used  in  prac- 
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tice  for  certain  broadband  sensors  in  the  visible  spec¬ 
trum.  Equilibrium  radiance  Lq(z,8,0)  is  defined  as  the 
radiance  when  dL  =  0,  therefore  iEq.  Ill)  Ref.  4  and  Eq. 
(40)  Ref.  2) 

»  /..tz.tf.al/alz)  < 2) 

Thus  equilibrium  radiance  is  equal  to  the  source  func¬ 
tion,-  a  concept  used  earlier  tbut  not  named)  by  Bar- 
bier.7 

IL  Review  o 1  the  EquIHbrium  Radiance  Modal 

When  the  equilibrium  radiance  along  a  given  path  of 
sight  is  constant  (first  assumption),  the  equation  of 
transfer  can  be  integrated  with  the  result  that  the  path 
radiance  (the  scattered  light  which  reaches  the  sensor) 
L'r(z  ,8,0)  is  a  function  of  the  equilibrium  radiance  and 
the  radiance  transmittance  [Eq.  (11)  Ref.  lj: 

z,:(zAe)  -  o) 

The  subscript  r  refers  to  the  path  length.  This  equation 
applies  to  all  paths  of  sight,  upward  or  downward.  The 
sky  radiance  L'm(z,8,0 )  is  the  path  radiance  from  the 
boundary  of  the  atmosphere  to  the  sensor  pointed  in  an 
upward  direction: 

L.UAe)  -  Z.,UA<*>11  -  T-(zi)|.  («» 

Figure  1  graphically  depicts  path  function,  path  radi¬ 
ance,  sky  radiance,  and  equilibrium  radiance. 

The  radiance  transmittance  is  defined  as 


where  a(z)  is  the  attenuation  coefficient.  Transmit¬ 
tance  is  expressed  as  a  function  of  8  but  not  d  since  the 
attenuation  coefficient  is  assumed  to  be  isotropic  ho¬ 
rizontally.  The  transmittance  from  space  to  sensor  at 
zenith  angle  8  is  a  function  of  the  vertical  transmittance 
and  the  relative  optical  air  mass  m.(z,0)/m.(z,O): 

ln(T.(z,0)l  ■  (m.(z,0)/m.(z,O)|  ln(T.(z,0)| 

■ -(m.(z^)/m.(z,0)|(  (6) 

The  optical  thickness  t  is  the  negative  of  the  natural  log 
of  the  vertical  transmittance.  For  the  model  calcula¬ 
tions  the  relative  air  mass  was  computed  using  the 
equations  froim  Hasten.8 

When  there  is  no  absorption  (second  assumption)  the 
atmosphere  is  conservative,  and  the  attenuation  coef¬ 
ficient  is  equal  to  the  scattering  coefficient  s (z). 

Given  the  above  two  assumptions  an  equation  was 
developed  for  evaluating  the  equilibrium  radiance  from 
a  knowledge  of  the  sun  scalar  irradiance  out  of  the  at¬ 
mosphere  tc(<»),  the  scalar  albedo  ,A  (upwelling  scalar 
irradiance  from  the  ground  divided  by  the  down  welling 
scalar  irradiance),  the  normalized  volume  scattering 
function  <r(zj3)/s(z),  the  radiance  transmittance  from 
space  to  sensor  and  the  sun  zenith  angle  8,  [Eq.  (41)  Ref. 


The  first  term  in  the  braces  is  the  direct  scattering  from 
the  sun.  this  gives  the  directionality  to  the  equilibrium 
radiance.  The  second  term  is  the  portion  of  the  earth 
scalar  irradiance  due  to  the  sun.  The  third  term  is  the 
sky  scalar  irradiance  and  the  reflectance  from  the  earth 
of  the  light  from  the  sky. 

III.  Aspacts  of  tha  Raal  Atmosphere  Well 
Represented  by  Eqs.  (3)  and  (4)  of  the  Equilibrium 
Radiance  Model 

For  the  model,  the  path  radiance  (and  hence  sky  ra 
diance)  is  a  function  of  the  equilibrium  radiance  and  the 
radiance  transmittance  of  the  path.  Eqs.  (3)  and  (4). 
These  equations  are  consistent  with  some  aspects  of  the 
real  atmosphere  as  described  below. 

A.  Horizon  Sky 

In  a  cloud-free  real  atmosphere  the  radiance  of  the 
horizon  sky  is  a  function  of  the  equilibrium  radiance  and 
the  space- to-earth  radiance  transmittance  [Ref.  9  Eq. 
(2.57)): 

i.-.(z.90.d>)  »  Z.,U.90,®l|  1  -  r.u.90>|  Oil 

This  is  directly  comparable  with  Eq.  (4). 

Ongoing  work  is  establishing  that  when  there  is  no 
absorption  the  sky  radiance  at  55°  scattering  angle 
conforms  to  Eq.  (4).  In  addition,  when  there  is  no  ab¬ 
sorption  and  the  sun  is  at  a  70-80°  zenith  angle,  the  sky 
radiance  at  all  angles  in  the  solar  almucantar  (all  sky 
radiances  at  the  zenith  angle  of  the  sun)  also  conform 
to  Eq.  (4). 

'Unis,  some  portions  of  the  sky  in  the  real  atmosphere 
conform  to  Eq.  (4)  particularly  when  there  is  no  ab¬ 
sorption  (the  second  assumption  of  the  equilibrium 
radiance  model).  This  is  true  even  without  assuming 
equilibrium  radiance  constant  for  the  path  of  sight. 

B.  Sky  Radiance  Along  Almucantars 

When  cloud-free  sky  radiance  measurements  are 
graphed  in  the  form  of  log  sky  radiance  vs  linear  angle 
d  from  the  sun,  the  curves  formed  by  the  different  al 
mucantars  (constant  zenith  angle  sky  radiances)  are 
nearly  parallel  An  example  of  this  is  given  in  Figs.  2 
and  3.  These  sky  radiances  were  measured  with  air¬ 
borne  instruments  during  flights10  on  28  Oct.  and  3  Nov. 
1970.  The  sky  radiances  were  measured  with  a  filtered 
sensor  having  a  mean  wavelength  of  478  nm  and  an  ef¬ 
fective  pasaband  of  19.9  nm.  Kushpil  and  Petrova11 
describe  similar  near  parallel  curves  and  note  that  the 
separation  of  the  curves  is  related  to  the  transmittance 
due  to  scattering. 

Cloud-free  sky  radiance  may  be  used  to  compute 
equilibrium  radiance  by  rearranging  Eq.  (4),  thus. 

L,(z.M  -  1  -  ,r.(z.tf)|,  <9) 

where  ,Tm(z,8)  is  the  scattering  transmittance  through 
the  atmosphere  at  zenith  angle  8. 


■  ,«(-)r.(z^,)  +  ,A/( 4»>  + 


U+.A)  f  [ff(z4)/»U>  +  .A/(4«-)|[l  -  T.lt.e)\dri 
_ J u _ 

4v(l  -  ((1  +  ,A>/(4r)|  f  [1  -  r.(z^)|dQI 
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When  the  equilibrium  radiances  computed  using  Eq. 
(9)  are  graphed  as  a  function  of  angle  from  sun  on  the 
same  grid  as  Figs.  2  and  3,  the  separations  disappear. 
Thus  equilibrium  radiance  is  primarily  a  function  of 
angle  from  sun  and  not  of  zenith  angle.  Figures  4  and 
5  depict  the  equilibrium  radiances  computed  from  the 
sky  radiances  in  Figs.  2  and  3.  The  fractional  standard 


deviation  of  the  individual  equilibrium  radiances  from 
the  average  as  a  function  of  3  is  0.16  for  both  Figs.  4  and 

5. 

Similar  graphs  were  made  for  all  the  cloud-free  sky 
radiance  data  from  flights  C-154  and  C-155  (28  and  30 
Oct.  1970).  Sky  radiances  were  measured  at  altitudes 
of  ~4350,  2200,  and  650  km  with  four  filters.  The  fil- 


Flg.  1.  Relationships  between  path  function,  path  radiance,  iky  radiance,  and  equilibrium  radiance.  Path  function  ia  the  radiance  acatterad 
toward  the  tensor  by  the  atmospheric  constituent!  within  an  incremental  unit  of  path  length.  Path  radiance  ia  the  cumulative  transmitted 
radiance  of  the  incremental  path  function  elements  along  the  apedfied  path  of  light.  Sky  radiance  ia  a  apeciai  form  of  path  radiance  in  which 
the  path  of  light  ia  between  a  sensor  and  the  boundary  of  the  atmosphere  and  ia  cloud  free.  Equilibrium  radiance  is  a  special  form  of  path 
radiance,  which  is  only  directly  observable  along  uniform  horiaontal  patha  of  light,  in  which  an  equilibrium  arista  between  the  radiance  gained 
from  an  additional  increment  of  path  function  and  the  radiance  lose  due  to  attenuation  in  the  increment. 
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Fig.  2-  Cloudless  sky  radiances  along  different  almucantara  as  a 
function  of  angle  from  the  sun  for  flight  C-154,  4.375-km  altitude 
above  ground  level,  filter  2  mean  wavelength  of  478  am.  Flight  wm 
during  the  morning  of  28  Oct  1970  over  a  broad  desert  valley  in  cen¬ 
tral  New  Merieo.  The  eolar  smith  angle  was  53*.  the  epace-to  eenenr 
vertical  transmittance  wee  0^4  (optical  thidmaea  0.17),  end  the  aceler 
ground  albedo  waa  0.23. 


aa  ns  12a  tea  its  its 
ANCU  rtOM  SUN  (Osama) 


Fig.  3.  Cloudless  sky  radiances  along  various  almucantara  as  a 
function  of  angle  from  the  sun  for  flight  C-157,  2 229- km  altitude 
above  ground  level,  filter  2  mean  wavelength  of  478  nm.  Flight  wee 
during  the  morning  of  3  Nov.  1970.  These  sky  radiances  were  mea¬ 
sured  during  clear  skies  before  clouds  began  appearing  later  in  the 
flight  Flight  waa  over  a  broad  desert  valley  in  central  new  Mexico. 
The  solar  tenith  angle  waa  55*.  the  space- to- sensor  vertical  trans¬ 
mittance  waa  0.82  (optical  thickneae  0 .20,  and  the  scalar  ground  albedo 
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Fig.  4.  Equilibrium  radiance  derived  from  sky  radiances  in  Fig.  2 
as  a  function  of  angle  from  the  sun  for  flight  C-154,  4.375- Icm  altitude 
above  ground  level,  filter  2. 


Fig.  5.  Equilibrium  radiance  derived  from  sky  radiances  in  Fig.  3 
as  a  function  of  angle  from  the  sun  for  flight  C-157, 23129- km  altitude 
above  ground  level,  filter  2. 

tered  sensor  had  mean  wavelengths  of  478, 557, 664,  and 
765  run  with  effective  pass  bands  of  19.9, 78.5,  30.2,  and 
50.4  nm,  respectively.  The  relative  spectral  response 
values  for  the  four  filtered  sensors  are  graphed  in  Fig. 
6.  Except  for  two  cases  where  the  s pa ce-to- sensor 
transmittance  was  in  error,  the  average  fractional 
standard  deviation  of  the  individual  equilibrium  radi¬ 
ances  from  the  average  at  each  0  was  0.21  with  a  range 
of  0. 13-0.29. 

Comparable  graphs  have  been  made  for  many 
ground-based  measurements  of  sky  radiance  and  for 
many  airborne  measurements  at  both  low  and  high  al¬ 
titudes  (0.5-6  km).  The  sky  radiance  measurements 
were  made  with  various  filtered  sensors  in  the  visible 
spectrum,  including  the  photopically  filtered  sensor. 
These  filtered  sensors  range  in  mean  wavelength  from 
459  to  765  nm.  Examples  using  photopic  measure¬ 
ments  of  sky  luminance  are  given  in  Fig.  1  of  Ref.  1  and 
Figs.  2  and  3  of  Ref.  12.  The  equilibrium  radiances 
derived  from  cloud-free  sky  radiances  using  Eq.  (9) 
when  graphed  as  a  function  of  angle  from  sun,  always 
cluster  as  a  fairly  tight  function  of  0,  similar  in  shape  to 
the  volume  scattering  function  a(2,0). 


In  the  equilibrium  radiance  model,  the  directionality 
of  the  equilibrium  radiance  is  assumed  to  be  solely  a 
function  of  the  scattering  angle  from  the  sun.  Thus 
from  Figs.  4  and  5  we  can  see  that,  to  a  reasonable  ap¬ 
proximation,  the  real  world  has  equilibrium  radiances 
(derived  from  sky  radiances)  that  are  primarily  a 
function  of  the  scattering  angle  from  the  sun. 

Additional  validation  of  Eqs.  (4)  and  (9)  for  the  real 
atmosphere  is  implied  by  the  method  of  obtaining 
scattering  transmittance  from  sky  ratios. 

C.  Scattering  Transmittance  from  Sky  Ratios 

The  method13-14  for  obtaining  the  scattering  trans¬ 
mittance  from  sky  radiance  ratios  stems  from  the  sug¬ 
gested  nomographic  method  of  Kushpil  and  Petrova.11 
Equation  (9)  is  divided  by  a  similar  equation  for  a  sec¬ 
ond  path  of  sight  at  zenith  angle  8'.  Both  8  and  8'  are 
upward  paths  of  sight  at  the  same  scattering  angle  0, 

L-.{z#3)tL‘.(z.d'£)  -  [l  -  ,r.u,0)|/(l  -  ,T.(z,ff') |.  HO) 

Equation  (10)  can  also  be  put  in  terms  of  the  relative  air 
mass  and  the  vertical  space-to-earth  scattering  trans¬ 
mittance 

luz.0,0)  i  - 

L'.(z&£)  ~  1  -  ,T.(z. 0)».i*^)/«-t*J»  1 ' 

Although  not  solvable  directly,  Eq.  (11)  can  be  solved 
for  vertical  transmittance  by  iterative  means. 

An  extensive  body  of  solar  transmissometer  and  sky 
scanner  data  collected  during  an  early  program  at  the 
Visilibility  Laboratory  was  used  for  the  validation 
study.14  Both  sky  radiance  and  solar  transmissometer 
data  were  available  for  approximately  100  cases  with 
clear  skies  for  each  of  four  filters.  The  filtered  sensors 
had  mean  wavelengths  of  459,  505,  560,  and  661  nm, 
respectively.  The  relative  spectral  response  values  for 
the  broadband  filtered  sensors  used  on  the  rooftop  of 
the  Visibility  Laboratory  are  graphed  in  Fig.  7 

It  is  assumed  that  the  total  transmittance  was  the 
product  of  the  scattering  transmittance  and  transmit¬ 
tance  due  to  ozone.  The  ozone  transmittances  were 
based  on  the  total  ozone  for  the  U.S.  Standard  Atmo¬ 
sphere15  and  the  spectral  absorption  values  of  Vigroux16 
which  are  in  good  agreement  with  the  Inn  and  Tanaka17 
values. 


Fig.  6.  Standard  spectral  responses  for  airborne  filtered  sensors. 
Peak  wavelengths  are  2  *  475  nm  blue.  3  •  660  nm  red.  4  ■  550-nm 
photopic,  5  ■  750-nm  NIR,  6  “  440- nm  S-20. 
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The  ratios  of  the  transmittance  from  sky  radiance 
ratios  times  the  ozone  transmittance  0T.( 0,0)  divided 
by  the  transmittance  from  the  solar  transmissometer 
[Sr„(0,0)a7»(0.0)/T,(0,0)]  were  averaged  for  each 
filter:  this  average  of  the  ratios  is  given  in  Table  I,  col¬ 
umn  5.  The  fractional  standard  deviation  is  given  in 
column  6. 

The  best  comparisons  between  the  sky  ratio  times 
ozone  transmittance  and  the  solar  transmissometer 
values  (the  best  average  transmittance  ratio)  should  be 
for  filters  1  and  2  where  the  spectral  responses  are  rel¬ 
atively  unaffected  by  line  or  band  absorption  other  than 
ozone.  The  average  transmittance  ratio  for  filters  1  and 
2  is  0.98  with  a  fractional  standard  deviation  of  0.05. 

On  the  other  hand  H20  absorption  bands  start  at  688 
nm  so  that  the  filter  4  solar  transmissometer  data  may 
well  be  affected  by  water  vapor  in  the  atmosphere.  This 
possibly  accounts  for  the  relatively  high  transmittance 
ratio  of  1.06  for  filter  4  mean  wavelength  661  nm. 

The  validation  experiments  of  the  method  for  ob¬ 
taining  earth-to-space  path  radiance  from  sky  radiances 
measured  at  ground  stations  provide  further  evidence 
of  the  validity  of  Eqs.  (4)  and  (9)  for  the  real  atmo¬ 
sphere. 

D.  Earth-to-Space  Path  Radiances  from  Ground 
Stations 

The  method  of  measuring  earth-to-space  contrast 
transmittance  from  ground  stations  has  been  com¬ 
pletely  described  (Ref.  12).  It  uses  sky  radiance  to 
obtain  the  equilibrium  radiance  at  the  appropriate 
scattering  angle  for  the  downward  path  of  sight  from 
earth  to  space.  If  0  is  the  zenith  angle  of  the  downward 
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Fig.  7.  Standard  spectra]  raaponaaa  for  Visibility  Laboratory  rooftop 
1964  Altered  sensors. 


path  of  sight  and  O'  is  the  zenith  angle  of  a  sky  radiance 
at  the  same  scattering  angle  3.  the  earth-to-space  path 
radiance  is 

z.;i*\<U>  =  L*.u.d'.hli  -  r.i=.rf»!  |i-r.u-.m|  .r:i 

This  was  derived  by  writing  Eq.  1 9 >  in  terms  of  0  and 
then  O'  and  then  dividing  the  two  equations  and  rear¬ 
ranging.  Three  experiments  validated  the  method.  In 
addition  the  method  was  used  during  the  Gemini  pro¬ 
gram18  as  part  of  a  carefully  controlled  measurement 
of  the  visual  capabilities  of  astronauts  in  earth  orbit  to 
discriminate  test  objects  on  the  ground. 

The  method  was  found  to  be  generally  valid  not  only 
on  cloud-free  days  but  on  days  with  some  clouds  as  long 
as  the  path  of  sight  and  the  sky  radiance  were  cloud 
free. 

When  the  0  for  the  path  of  sight  is  larger  than  all  the 
scattering  angles  available  in  the  upper  hemisphere  (this 
happens  most  often  when  the  sun  zenith  angle  is  small) 
an  approximation  is  used  of  the  sky  radiance  at  3  =  90°. 
This  approximation  was  also  used  in  the  validation 
tests. 

E.  Practical  Application 

The  agreement  of  the  real  clear-day  atmosphere  to 
the  equilibrium  radiance  model  is  sufficient  to  suggest 
that  a  radiometer  (such  as  a  photopically  filtered  pho¬ 
tometer)  for  measuring  sky  radiance  in  the  visible 
spectrum  could  be  used  on  clear  days  to  obtain  a  rea¬ 
sonable  estimate  of  path  radiance  for  various  paths  of 
sight  as  follows: 

First,  the  vertical  scattering  transmittance  through 
the  atmosphere  would  be  obtained  using  Eq.  (11)  by 
measuring  two  sky  radiances  at  equivalent  angles  from 
the  sun.  It  is  preferable  to  have  0  as  small  as  possible 
and  O'  as  large  as  possible  in  order  to  minimize  the  po¬ 
tential  error.  A  minicomputer  can  easily  do  the  com¬ 
putation  necessary  for  solving  Eq.  (11). 

Second,  the  scattering  angle  0  from  the  sun  at 
for  the  desired  path  of  sight  at  0,<t>  is  determined 
from 

coa£  *  sinOsind,  coa(4  -  $•)  +  corf  coad,.  (13) 

Third,  a  sky  radiance  is  measured  at  that  scattering 
angle  0.  If  the  desired  scattering  angle  is  larger  than 
the  scattering  angle  for  the  horizon  at  180°  azimuth 
from  the  sun,  a  sky  radiance  at  a  scattering  angle  of  90° 
is  used.  This  approximation  was  used  successfully  with 
the  method  for  measuring  earth-to-space  path  radiance 
from  ground  stations12;  it  should  work  equally  as  well 
for  shorter  path  lengths. 


TaMa  l  ScaMartng  TranmnMtaaca  from  Shy  RaOaaea  ItatSoa  Tbnaa  Oxana  TranamManea  OMdad  by  Total  TrananWttanca  from  Solar  Tranamtaaomatar 
_ lor  a*  ClnorSoaa  Oata  from  J«naary-8ipHmO»r  1 M4  at  tfra  VWMfry  Laboratory 
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96 
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Fourth,  the  equilibrium  radiance  Lq(z,9,<t>)  for  the 
desired  path  of  sight  is  computed  using  Eq.  (9). 

The  final  step  for  obtaining  the  desired  path  radiance 
is  to  measure  or  estimate  the  radiance  transmittance  for 
the  path  of  sight  of  length  r.  The  vertical  transmittance 
through  the  atmosphere  obtained  above  provides  a  limit 
against  which  estimates  can  be  checked.  Shorter  paths 
should  have  transmittances  less  than  T»(z,9).  The 
path  radiance  would  be  computed  using  Eq.  (3). 

This  method  should  be  usable  on  ail  cloudless  days 
for  narrow  or  broadband  sensors  in  the  visible  spectrum 
unless  there  is  smoke  which  would  indicate  the  presence 
of  non-negligible  absorption. 

Now  we  will  compare  the  equilibrium  radiance  model 
results  using  Eq.  (7)  to  the  models  of  the  Rayleigh  at¬ 
mosphere  and  to  atmospheric  measurements  for  the 
photopic  sensor. 

IV.  Equilibrium  Radiance  Model  Predictions  Using 

Eq.  (7) 

Predictions  of  equilibrium  radiance,  sky  radiance, 
and  downwelling  irradiance  have  been  made  on  the 
basis  of  Eq.  (7)  for  both  a  Rayleigh  atmosphere  and  for 
more  realistic  atmospheres  using  the  Barteneva6  scat¬ 
tering  functions. 


A.  Homogeneous  Rayleigh  Atmosphere 

Equilibrium  radiance  model  atmosphere  calculations 
can  be  made  for  the  Rayleigh  atmosphere  since  the 
volume  scattering  function  and  radiance  transmittance 
are  well  specified.  The  approximate  equation  for  the 
normalized  volume  scattering  function  for  Rayleigh 
scattering  is 


ZENITH  ANGLE  (D**re«) 

Fig.  8.  Rayleigh  sky  radiance  for  Coulson  et  a/,19  and  equilibrium 
radiance  model  using  a  vertical  radiance  transmittance  of  0.861  (op¬ 
tical  thickness  0.15).  sun  zenith  angle  of  36.8°.  and  a  sun  scalar  irra¬ 
diance  of  r. 


ZENITH  ANCLE  (Dmnae) 


a<r(0)/Kt  -  3(1  +  coeJ/9)/(16x);  (14) 

Sky  radiances  or  luminances  have  been  computed  for 
the  photopic  Rayleigh  atmosphere  by  Coulson  et  al .,19 
Pyaskovskaya-Fesenkova,20  and  Tousey  and  Hulburt.21 
Comparison  of  the  equilibrium  radiance  model  was 
made  to  these  other  models.22  The  equilibrium  radi¬ 
ance  model  computations  were  made  with  Eq.  (7)  using 
the  same  vertical  radiance  transmittance,  solar  irra¬ 
diance  out  of  the  atmosphere,  solar  zenith  angle,  and 
albedo  as  for  the  other  models.  The  results  of  the 
comparisons  are  depicted  in  Figs.  8-10. 

The  sky  radiance  values  for  Coulson  et  al.  and  the 
equilibrium  radiance  model  for  azimuths  toward  and 
away  from  the  sun  are  graphed  in  Fig.  8.  The  com¬ 
parison  is  best  nearest  the  horizon  in  both  azimuths. 
The  values  for  the  equilibrium  radiance  model  near  the 
zenith  are  slightly  higher  than  for  the  Coulson  model. 

Pyaskovskaya-Fesenkova  presented  an  isoluminance 
plot  appropriate  for  albedos  other  than  zero.  The 
computations  for  the  equilibrium  radiance  model  were 
made  using  scalar  albedos  of  0. 10  and  0.25.  These  are 
depicted  as  continuous  curves  in  Fig.  9.  The  angular 
positions  of  the  isoluminance  values  for  the  Pyas¬ 
kovskaya-Fesenkova  graph  were  estimated  and  are 
depicted  in  Fig.  9  as  separate  points.  The  curve  for  0.25 
albedo  is  close  to  the  Pyaskovskaya-Fesenkova  values 
near  the  horizon  but  higher  near  the  zenith. 


Fig.  9.  Rayleigh  sky  luminances  (Im/sr  ■  cm2  or  stilbs)  for  Pyas- 
kovekaya-Feaenkova20  and  equilibrium  radiance  model  using  vertical 
earth-to-space  radiance  transmittance  of  0.861  (optical  thickness 
0.15),  a  sun  illuminance  out  of  the  atmosphere  of  13  lm/cm2.  and  a  sun 
zenith  angle  of  60°. 


ZENITH  ANGLE  OF  PATH  OF  SIGHT 

Fig.  10.  Rayleigh  sky  luminance  (Im/sr  •  ft2  at  10.000  ft)  for  Tousey 
and  Hulburt31  and  equilibrium  radiance  model  for  sun  illuminance 
out  of  the  atmosphere  of  13.600  lm/ft2,  ground-level  scattering  coef 
ficient  of  0.017  km'1,  end  an  albedo  of  0.20. 
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TaM*  M.  TrmmNUnc*  and  Scattering  Function  SpocMcattona  for 
Evaluation  of  Modof  AUnoaprioro  Equations 
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The  solid  lines  in  Fig.  10  represent  the  values  given 
by  Tousey  and  Hulburt.  The  values  for  the  equilibrium 
radiance  model  compare  well  near  the  zenith  and  are 
slightly  lower  near  the  horizon  for  the  sun  at  a  zenith 
angle  of  75°.  For  the  0°  sun  zenith  angle,  the  equilib¬ 
rium  radiance  model  values  are  consistently  a  little 
higher  than  the  Tousey  and  Hulburt  values,  comparing 
best  at  the  zenith. 

In  general,  the  photopic  Rayleigh  sky  radiance  values 
from  the  equilibrium  radiance  model  compare  reason¬ 
ably  well  with  the  values  of  Coulson  et  ai,  Pyas- 
kovskaya-Fesenkova,  and  Tousey  and  Hulburt. 

B.  Comparison  to  Atmospheric  Measurements 

For  comparison  of  the  model  to  various  Visibility 
Laboratory  ground-based  measurements,  a  value  of 
1.89E3  W/m2um  was  used  for  the  photopic  solar  irra- 
diance  out  of  the  atmosphere.  This  value  is  based  on 
the  spectral  solar  irradiance  values  of  Johnson23  and  the 
standard  luminosity  function. 

Rayleigh.  Calculations  for  the  equilibrium  radiance 
model  were  made22  for  the  photopic  Rayleigh  at- 
mopshere.  The  Rayleigh  normalized  volume  scattering 
function  was  obtained  from  Eq.  (14).  The  photopic 
Rayleigh  vertical  space-to-earth  radiance  transmittance 
of  0.907  was  based  on  the  spectral  total  volume  scat¬ 
tering  coefficients  from  Eq.  ( 14)  of  Penndorf24  and  the 
sea  level  scale  height  for  the  U  S.  Standard  Atmo¬ 
sphere. 

Barteneva.  Equilibrium  radiance  model  calculations 
were  made14  using  the  extensive  catalog  of  photopic 
ground -level  normalized  volume  scattering  functions 
provided  by  Barteneva.6  The  twenty-two  combinations 
of  Barteneva  scattering  class  functions  and  vertical 
space-to-earth  radiance  transmittances  used  for  the 
model  atmosphere  computations  are  summarized  in 
Table  II. 

1.  Downwe lling  Irradiance 

The  downwelling  irradiance  is  defined  as 

E(z.d)  -  f  L <*.#.« I  cosddn,  Ur 

J2w 

where  the  radiance  array  is  for  zenith  angles  from  0°  to 
90°  including  the  sun  or  moon  where  appropriate. 

Scalar  albedo  of  0.10  is  representative  of  cultivated 
fields.  It  is  also  an  intermediate  albedo  for  non-snow- 


covered  terrains.  We  will  use  the  model  values  for  0.1 
scalar  albedo  to  compare  to  the  measured  irradiances 
when  albedo  is  unspecified. 

For  the  model  calculations  using  0.10  scalar  albedo, 
the  range  of  downwelling  irradiance  did  not  vary  sig¬ 
nificantly  with  different  normalized  volume  scattering 
functions  when  all  other  parameters  were  held  constant. 
For  0.10  albedo  the  range  of  downwelling  irradiance  was 
within  ±0.045  of  the  average  for  each  sun  zenith  angle 
for  each  transmittance. 

The  average  values  from  the  model  calculations  of 
downwelling  irradiance  for  0.10  scalar  albedo  for  each 
transmittance  are  graphed  as  a  function  of  sun  angle  in 
Fig.  11(a).  The  irradiances  for  the  photopic  Rayleigh 
atmosphere  for  0.10  scalar  albedo  are  given  as  a  solid 
curve.  The  second  solid  curve  is  for  the  Brown25  av¬ 
erage  (photopic)  irradiances  based  on  over  12,000 
measurements  made  between  1943  and  1947  all  over  the 
world.  The  Brown  average  values  are  generally  used 
as  an  irradiance  standard  for  a  clear  day.  The  Brown 
curve  is  similar  to  the  average  model  values  for  0.7 
transmittance  for  sun  zenith  angles  from  0°  to  70°  but 
is  higher  at  80°  and  85°  sun  zenith  angles.  A  vertical 
transmittance  value  of  0.7  is  commonly  used  as  the  av¬ 
erage  clear -day  photopic  transmittance,  therefore  it  is 
reasonable  to  assume  the  Brown  values  are  represen¬ 
tative  of  a  transmittance  of  0.7. 

Thus  the  equilibrium  radiance  model  results  for 
downwelling  irradiances  are  reasonably  consistent  with 
the  Brown  values. 

The  data  bank  of  irradiance  and  vertical  earth-to- 
space  radiance  transmittance  and  path  radiance  mea¬ 
sured  with  portable  instruments  during  the  period  from 
1962  to  1967  (Ref.  22)  contains  ~370  photopic  mea¬ 
surements.  These  data  were  measured  in  various  lo¬ 
cations  throughout  the  United  States  on  days  with  an 
unobscured  sun  for  a  large  range  of  solar  zenith  angle. 
Photopic  downwelling  irradiances  from  this  data  bank 
are  graphed  in  Fig.  11(b)  as  a  function  of  sun  zenith 
angle.  The  irradiance  data  are  designated  by  symbols 
indicating  the  radiance  transmittance  in  0.10-trans- 
mittance  increments;  e.g.,  the  symbol  O  indicates  a 
transmittance  of  0.85  ±  0.05  or  values  of  transmittance 
from  0.800  to  0.899.  These  downwelling  irradiances  are 
all  measured  by  an  irradiometer.  The  two  curves  su¬ 
perimposed  on  the  graph  are  the  photopic  Rayleigh 
atmosphere  values  for  1.0  albedo  (conceived  as  an  upper 
limit)  and  the  average  clear-day  values  of  Brown. 

The  measured  values  of  downwelling  irradiance  for 
the  1962-1967  period  cluster  about  the  average  values 
of  Brown  and  lie  beneath  the  upper  limiting  values  for 
the  Rayleigh  atmosphere.  The  measured  irradiances 
show  an  approximate  decrease  as  transmittance  de¬ 
creases  similar  to  that  shown  in  Fig.  11(a)  for  the  aver¬ 
age  irradiances  from  the  equilibrium  radiance  model. 

The  measured  irradiances  in  Fig.  11(b)  are  for  skies 
with  an  unobscured  sun  but  with  partially  cloudy  as  well 
as  clear  skies.  The  model,  however,  represents  a 
cloudless  sky.  Therefore  for  a  more  direct  comparison, 
the  data  set  was  sorted  to  obtain  zerc  cloud  cover  data 
within  ±0.02  of  the  transmittances  and  ±2°  of  the  sun 
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Fig-  1.  Photopic  downweliing  irradiance  data  and  equilibrium  ra¬ 
diance  model  values  compared  to  Brown.25 
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Fig.  12.  Comparison  of  equilibrium  radiance  model  to  measured 
photopic  irradiaaces  for  cloudless  skies  with  vertical  transmittances 
0.8  ±  0.02  and  sun  zenith  angles  within  ±2*  of  model  calculations. 
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zenith  angles  used  in  the  model  computations.  The 
bulk  of  these  were  for  0.8  transmittance.  These  are 
graphed  in  Fig.  12  along  with  similarly  sorted  data  from 
the  photopic  irradiances  measured  with  an  irradiometer 
on  the  Visibility  Laboratory  rooftop  during  1964. 14 

When  the  twenty-three  measured  values  in  Fig.  12  are 
divided  by  the  average  values  from  the  model  (graphed 
as  a  curve  in  Fig.  12),  the  average  ratio  is  0.999  with  a 
standard  deviation  of  0.14.  This  is  excellent  agree¬ 
ment 

2.  Equilibrium  Radiance 

Four  of  the  model  evaluations  of  equilibrium  radiance 
were  for  a  space-to-earth  transmittance  of  0.8,  a  sun 
zenith  angle  of  70°,  and  a  scalar  albedo  of  0.1.  The 
Barteneva  scattering  functions  used  were  her  gradual 
classes  2, 3, 4,  and  5.  These  values  are  graphed  in  Fig. 
13  as  solid  curves.  Barteneva’s  measurements  of  nor¬ 
malized  volume  scattering  function  were  for  ground 
level  and  for  scattering  angles  from  16°  to  164°. 
Therefore  we  have  limited  the  curves  of  equilibrium 
radiance  to  the  scattering  angles  within  the  range  of  her 
measured  values. 

The  data  bank  of  sky  radiances  and  solar  transmit¬ 
tances  measured  on  the  Visibility  Laboratory  rooftop 
in  1964,  Ref.  14,  contained  approximately  100  cloud-free 
photopic  measurements.  Four  of  these  were  within 
±0.02  of  the  0.8  transmittance  and  within  ±2°  of  the  sun 
zenith  angle  of  70°.  The  equilibrium  radiances  derived 
from  the  sky  radiances  in  the  0°  and  180s  azimuths  from 
the  sun  using  Eq.  (9)  for  these  four  cases  are  also 
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a  larger  number  of  data  sets.  One  of  the  authors  is 
currently  attempting  to  set  up  a  program  which  will 
make  this  study  possible. 


Fig.  13.  Photopic  equilibrium  radiance  derived  from  cloudless  sky 
radiance  data  as  a  function  of  angle  from  the  sun  for  70  ±  2°  sun  zenith 
angles  and  space-to-earth  vertical  transmittances  of  0.80  ±  0.02, 
compared  with  equilibrium  radiance  model  atmosphere  calculations 
using  Barteneva6  scattering  functions. 


graphed  in  Fig.  13.  Although  scalar  albedo  for  these 
data  sets  is  not  available,  an  estimate  of  0. 1  is  reasonable 
for  the  terrain  surrounding  the  data  site  at  the  Visibility 
Laboratory. 

The  agreement  between  the  curves  for  the  model 
calculations  and  the  equilibrium  radiances  based  on  the 
sky  radiance  and  radiance  transmittance  measurements 
is  quite  good.  Three  of  the  four  data  sets  compare  quite 
closely  to  the  model,  with  one  data  set  slightly  higher 
than  the  model  at  the  larger  scattering  angles. 

Similar  graphs  for  seven  other  sun  zenith  angle 
transmittance  combinations  were  drawn  using  alto¬ 
gether  twenty-six  data  sets  including  those  in  Fig.  13. 
Most  of  the  data  sets  (twenty-two)  were  for  a  trans¬ 
mittance  of  0.8  dt  0.02,  three  sets  were  for  0.7  trans¬ 
mittance,  and  one  for  0.6.  The  only  large  discrepancy 
between  data  sets  and  model  was  for  the  single  data  set 
for  the  low  transmittance  of  0.6  where  absorption  may 
be  a  problem. 

On  the  basis  of  these  limited  data  sets  several  trends 
were  noted.  The  comparison  between  data  sets  and 
model  for  the  0.8  and  0.7  transmittances  indicated 
generally  good  agreement  at  intermediate  sun  zenith 
angles.  The  model  was  slightly  high  at  the  small  sun 
zenith  angle  of  20°  and  slightly  low  for  the  large  sun 
zenith  angle  of  80°.  When  a  fair  number  of  data  sets 
were  available  at  one  transmittance  and  sun  zenith 
angle,  the  data  sets  sometimes  showed  more  variability 
than  the  model.  For  example,  for  0.8  transmittance  and 
80°  sun  zenith  angle,  two  of  the  data  sets  compared 
closely  to  the  model  and  four  data  sets  were  higher  than 
the  model. 

The  comparison  of  model  to  data  sets  is  sufficiently 
good  to  warrant  further  use  of  Eq.  (7)  as  a  viable  ap¬ 
proximation  for  cloudless  days  in  the  visible  portion  of 
the  spectrum  for  high  transmittance.  The  observed 
differences  between  some  of  the  data  sets  and  the 
model,  and  the  lack  of  data  for  comparison  for  lower 
transmittances  indicate  the  need  for  further  3tudy  with 


V.  Summary 

An  equilibrium  radiance  model  of  a  clear  (cloud-free) 
atmosphere  for  use  in  the  visible  region  of  the  spectrum 
was  presented  by  one  of  the  authors  in  an  earlier  paper.1 
This  model  was  based  on  two  assumptions:  (1)  the 
equilibrium  radiance  for  a  given  path  of  sight  is  con¬ 
stant,  and  (2)  absorption  is  negligible.  The  model 
predicts  that  path  radiance  (sky  radiance)  is  a  function 
of  the  equilibrium  radiance  and  the  radiance  trans¬ 
mittance. 

When  equilibrium  radiance  is  not  constant  for  a  path 
of  sight,  it  is  necessary  to  know  the  path  function  and 
attenuation  coefficient  values  for  each  element  of  the 
path  from  0  to  r  in  order  to  obtain  the  path  radiance. 
Assuming  the  equilibrium  radiance  to  be  constant  al¬ 
lows  the  path  radiance  to  be  computed  from  the  total 
path  transmittance  and  the  equilibrium  radiance 
Thus  assuming  equilibrium  radiance  constant  repre¬ 
sents  a  tremendous  simplification. 

A  large  body  of  cloudless  sky  radiance  data  in  the 
visible  spectrum  indicates  that  equilibrium  radiance  can 
be  derived  from  sky  radiances  when  space-to-earth 
vertical  radiance  transmittance  is  known.  This  leads 
to  a  method  for  obtaining  space-to-earth  vertical  scat¬ 
tering  transmittance  from  sky  radiance  ratios.  The  sky 
radiance  ratio  method  has  been  presented  and  validated 
herein.  As  a  result,  for  the  visible  spectrum  on  cloudless 
days  we  can  obtain  from  sky  radiance  measurements: 

(1)  vertical  space- to-sensor  scattering  transmittance, 

(2)  equilibrium  radiance  for  the  path  of  sight,  and,  if  an 
estimate  or  measure  of  path  transmittance  is  available, 

(3)  path  radiance  in  the  troposphere  as  well  as  through 
the  atmosphere  for  upward  and  downward  paths  of 
sight. 

Comparisons  of  predictions  using  Eq.  (7)  of  the  model 
to  three  other  models  for  the  photopic  Rayleigh  atmo¬ 
sphere  indicate  good  agreement.  Comparisons  of 
predictions  using  Eq.  (7)  to  atmospheric  measurements 
when  the  transmittance  is  high  using  various  broadband 
sensors  in  the  visible  spectrum  during  cloud-free  days 
also  indicate  good  agreement.  Thus  Eq.  (7)  can  be  used 
to  quickly  obtain  approximations  for  equilibrium  ra¬ 
diance,  sky  radiance,  path  radiance,  and  irradiance  for 
very  clear  days. 
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Integrating  nephelometer:  theory  and  implications 

Jacqueline  I.  Gordon  and  Richard  W.  Johnson 


The  Visibility  Laboratory  integrating  nephelometer  measures  the  total  volume  scattering  coefficient  and 
volume  scattering  functions  at  30°  and  150°  scattering  angles.  Equations  for  both  measurements  and  cali¬ 
bration  are  derived  and  data  reviewed.  The  ratio  of  measured  to  Rayleigh  volume  scattering  function  at 
each  scattering  angle  is  a  simple  function  of  the  ratio  of  measured  to  Rayleigh  total  volume  scattering  coeffi¬ 
cient  regardless  of  altitude  or  wavelength  in  the  visible  spectrum.  Methods  are  developed  for  obtaining  the 
single  scattering  albedo  from  horizon  sky  radiance  and  the  scattering  optical  thickness  from  sky  radiance 
ratios  at  55°  scattering  angle  from  the  sun. 


I.  Introduction 

The  integrating  nephelometer  measures  three  scat¬ 
tering  properties:  the  total  volume  scattering  coeffi¬ 
cient  s(z)  at  altitude  z,  and  the  volume  scattering 
function  <r(z,0)  at  scattering  angles  0  of  30°  and  150°. 
A  description  of  the  instrument  and  the  relationship  of 
the  measurements  to  daytime  visibility  has  been  pre¬ 
viously  published  by  one  of  the  authors.1  The  purpose 
of  this  paper  is  to  provide  the  theory  behind  these 
measurements  and  to  describe  some  of  the  implications 
of  concurrent  measurements  of  the  volume  scattering 
function  and  the  total  volume  scattering  coefficient. 

The  theory  and  equations  are  for  monochromatic 
radiation  but  applicability  to  radiation  for  broader 
pass  bands  will  be  indicated  where  appropriate.  The 
theory  has  hitherto  been  available  only  in  unpublished 
technical  notes.  The  notation  used  is  that  adopted  by 
the  Visibility  Laboratory2  and  modified  to  correspond 
to  OSA  recommendations  in  Sec.  1  of  Driscoll  and 
Vaughan.3 

The  integrating  nephelometer  is  based  on  one  of  the 
schemes  suggested  by  Beuttell  and  Brewer.4  It  is  es¬ 
sentially  the  optical  inverse  of  the  instrument  described 
in  full  by  Middleton5  and  used  by  Croeby  and  Koerber,8 
Charlson  et  al.7  and  Horvath  and  Noll.8  The  inte¬ 
grating  nephelometer  uses  a  collimated  light  beam  and 
a  cosine-law  collector  to  view  the  scattered  flux.  It  has, 
in  addition  to  an  irradiometer,  two  narrow  field  radi¬ 
ometers  for  measurement  of  the  volume  scattering 
function  at  scattering  angles  of  30°  and  150°.  It  is 
called  an  integrating  nephelometer  to  reflect  its  multiple 
capabilities. 
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II.  Derivation  of  Equations  for  the  Integrating 
Nephelometer 

The  nephelometer  has  one  sensor  which  time-shares 
three  optical  channels:  the  central  irradiometer 
channel  and  the  adjacent  radiometers  on  either  side  (see 
Fig.  1).  Each  of  these  channels  is  calibrated  using 
standard  photometric  techniques  and  an  incandescent 
light  source  of  radiant  intensity  traceable  to  the  Na¬ 
tional  Bureau  of  Standards.  The  ensuing  derivations 
will  relate  the  irradiance  of  the  scattered  flux  to  the  total 
volume  scattering  coefficient  and  the  radiance  to  the 
volume  scattering  function.  In  addition,  the  irradiance 
from  a  known  reflecting  surface  placed  in  the  light  beam 
is  used  to  further  calibrate  the  device. 

A.  Irradiometer  Measurements 

A  measurement  of  the  irradiance  due  to  the  flux 
scattered  from  a  well-collimated  beam  is  related  to  the 
total  volume  scattering  coefficient  If  the  irradiometer 
is  placed  immediately  adjacent  to  the  light  beam,  cor¬ 
rected  for  cosine-law  response  and  truncation  losses,  the 
resulting  optical  integration  will  yield  a  direct  mea¬ 
surement  of  the  total  scattering  coefficient. 

Figure  1  illustrates  the  positioning  of  the  irradiometer 
immediately  adjacent  to  the  parallel  light  beam.  Let 
us  define  a  coordinate  system  centered  on  the  surface 
of  the  irradiometer  as  shown  in  Fig.  2. 

At  the  irradiometer  surface,  the  incremental  irra¬ 
diance  dE  from  one  element  of  volume  dxdydz  of  the 
parallel  light  beam  at  point  x ,  y ,  and  z  can  be  expressed 
as 

dE(xjj)  ■  HxjjJf)  coeBdU.  (1) 

The  9  is  the  angle  between  the  normal  from  the  irradi¬ 
ometer  surface  and  the  path  of  sight  of  the  sensor  (ir¬ 
radiometer)  toward  the  incremental  volume.  The 
L(xy^Ji)  is  the  radiance  of  the  incremental  volume  at 
the  scattering  angle  0  from  the  light  source  and 

coaff  m  y/r,  (2) 

r  -  (i2  +  y2  +  (3) 

8  -  co**'(z/r).  (4) 
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Fig.  1.  Artists  rendition  of  the  integrating  nephelometer  and  the 
volume  of  air  providing  scattered  flux  toward  the  irradiometer  and 
radiometers.  The  light  source  is  a  high  intensity,  well-collimated 
projector  A,  radiometer,  B,  irradiometer  and  C,  radiometer. 


By  definition,  scalar  irradiance  is  the  noncosine- 
weighted  irradiance  from  any  direction.  The  radiance 
of  the  incremental  volume  is  equal  to  the  scalar  irra¬ 
diance  «(x,y,z)  of  the  light  beam  times  the  volume 
scattering  function  <x(/3)  and  the  effective  depth  of  the 
scattering  volume  sectfdy: 

U.xjj£)  -  ttcBdy.  (5) 

Since  the  beam  is  parallel,  the  maximum  change  in 
scalar  irradiance  from  the  collimating  lens  to  any  point 
further  along  the  beam  is  due  to  the  radiance  trans¬ 
mittance  of  the  air  column.  The  radiance  transmit¬ 
tance  T  =  exp(— crAz )  where  a  is  the  attenuation  coef¬ 
ficient  and  A z  is  the  distance  along  the  beam  from  the 
lens  to  the  point  of  measurement.  The  transmittance 
is  reasonably  close  to  1.0  (T  2  0.99)  even  for  fog  if  Az  £ 
2.37  m.  Thus  the  scalar  irradiance  does  not  change 
appreciably  along  the  beam  and  can  be  designated  by 
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l .  Central  Incremental  Volume 
The  compensation  for  scattering  volume  depth 
variation  (see  Fig.  1)  by  the  cosine  weighting  of  the  ir¬ 
radiometer  works  perfectly  for  the  central  incremental 
volume  of  dx  at  x  =0  where  the  solid  angle  can  be  ex¬ 
pressed  as 


d$l  =  costfv  ldxd6  16) 

Assuming  e(x,y)  is  not  a  function  of  the  x  ory  position 
in  the  light  beam,  combining  Eqs.  (1),  (5),  and  (6)  and 
integrating  with  respect  to  0,  we  get 
/»*/2 

dE( Oj)  “  ey_1  J  <r(0)  cosddBdxdy.  (7) 

The  contribution  to  the  irradiance  may  be  broken 
into  two  parts,  the  portion  due  to  forward  scattering  in 
the  beam  and  the  portion  due  to  backscattering  in  the 
beam.  For  the  forward  scattering,  as  d  goes  from  0°  to 
90°,  0  goes  from  90°  to  0°,  therefore  cos0  =  sind-  For 
the  back  portion  of  the  beam,  as  0  goes  from  0°  to  90°, 
0  goes  from  90°  to  180°  and  again  cosd  =  sind.  Now 
changing  the  integrating  variable  to  0  and  substituting 
into  Eq.  (7)  we  get 


dE( 0,y)  “  ty'1  J”  a{0)  sin0d0dxdy. 


(8) 


The  integral  of  the  volume  scattering  function  over 
4 t  is  equal  to  the  total  volume  scattering  coefficient. 
This  can  be  written  as 


*  »  2t  J'  <t(0)  sin/ 8d0.  (9) 

Substituting  Eq.  (9)  into  Eq.  (8),  it  can  now  be  written 
as 


d£(0,y)  »  es{2ry\~ldxdy.  (10) 

2.  Entire  Height  of  Beam 

Equations  (6)-(10)  have  assumed  that  the  beam  has 
depth  (in  the  y  dimension)  but  little  height  (in  the  x 
dimension).  In  actuality,  the  scattering  from  the  in¬ 
cremental  volumes  where  x  is  not  zero  does  contribute 
significantly  to  the  irradiance.  In  addition  to  this 
problem,  the  integration  is  truncated  angularly  near 
scattering  angles  0°  and  180°  by  baffles  on  the  irradi¬ 
ometer  to  shield  the  irradiometer  from  the  light  source 
and  the  light  trap.  The  ensuing  equations  correct  these 
discrepancies  as  well  as  consider  the  effects  of  nonuni¬ 
formity  of  the  light  beam  over  the  cross-sectional  area 
in  the  x  and  y  dimensions  and  variations  from  true  co¬ 
sine  acceptance  of  the  irradiometer.  The  overall  cor¬ 
rection  for  these  discrepancies  is  approximately  a  factor 
of  1.28  for  the  nephelometer.  This  correction  was  de¬ 
termined  by  comparing  the  K/F  from  the  simplified  a 
sumptions  [obtained  by  setting  dx  equal  to  the  beam 
height  and  dy  equal  to  the  beam  depth  in  Eq.  (10)]  to 
the  K/F  computed  from  Eq.  (26). 

The  solid  angle  is  first  expressed  as  a  function  of  the 
apparent  area  a  of  the  volume 

dil  ■  a/r2  m  dxdz  cosd/r2.  (11) 

The  scalar  irradiance  is  then  expressed  as  r(x,y),  a 
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function  of  cross-sectional  position.  In  addition,  the 
measured  collection  efficiency  of  the  irradiometer  f{9) 
is  substituted  for  cos#  in  Eq.  (1).  Now  combining  Eqs. 
(1),  (5),  and  ill)  with  the  above  we  get 

dEU.yj)  =  clxy)<r(i3)/(0)r-2dxdydz.  (12) 

The  total  irradiance  is  found  by  integrating  over  the 
limits  defined  by  the  light  beam  and  the  cutoff  baffles 
for  the  irradiometer: 

e  ”  Sz  Sy  2  S  x  (13) 

The  integrating  limits  are 
X,  the  beam  half-height; 

y !,  the  distance  from  the  irradiometer  surface  to  the 
closest  edge  of  the  beam  in  the  y  dimension;  and 
y2,  the  distance  from  the  irradiometr  surface  to  the 
farthest  edge  of  the  beam  in  the  y  dimension. 

The  placement  of  cutoff  baffles  (see  Fig.  3)  limits  the 
angles  of  incidence  on  the  irradiometer.  Thus  the 
maximum  9  is  85°  in  the  forward  direction  at  a  scat¬ 
tering  angle  of  5° .  In  the  backscattering  direction  the 
maximum  9  is  80°  at  a  scattering  angle  of  170°  for  data 
taken  prior  to  summer  1976,  and  for  data  taken  after 
that  date  the  maximum  9  is  82.5°  at  a  scattering  angle 
of  172.5°.  When  x  =*  0,  the  general  equation  for  /3  be¬ 
comes 

Un0  -  y/Z.  (14) 

Solving  for  Z  we  get 

Z  *■  y/taaff.  (15) 

Equation  ( 15)  is  also  a  reasonable  approximation  for  all 
values  of  x  for  the  cutoff  angles  used  in  the  nephelom- 
eter. 

Let  us  now  define  a  factor  F  such  that 

F »  r  f  f  [e(x,y)/«(O,O)|<r<l3)/(0)*_lr_2dxc/ydx. 

(16) 

Now  an  expression  for  the  total  volume  scattering 
coefficient  can  be  written  by  combining  Eqs.  (13)  and 
(16): 


j  -  £/(t(0,0)F|.  (17) 

The  factor  F  was  evaluated  for  the  nephelometer  for 
a  full  range  of  scattering  conditions  by  using  the  nor¬ 
malized  volume  scattering  functions  <r(/3)/s  of  Bart¬ 
eneva.9  She  provides  a  catalog  containing  10  gradual 
functions  labeled  1—10  ranging  from  near  Rayleigh  to 
heavy  haze.  (Her  steep  functions  were  for  fog  which  are 
not  applicable  since  the  nephelometer  was  only  used 
when  weather  was  appropriate  for  flying  under  visual 
flight  rules. )  The  factor  decreased  only  slightly  with 
increased  scattering.  Thus  we  used  F(5),  the  factor  for 
Barteneva  scattering  function  5.  as  a  reasonable  ap¬ 
proximation  for  all  the  data.  For  Rayleigh  scattering, 
the  factor  increased  by  only  3%  and  for  scattering 
function  10,  the  factor  decreased  by  only  4%  from 
F(5>. 
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Fig.  3.  Irradiometer  flat  plate  collector.  The  anureflecuon  ireat- 
ment  consists  of  45°  bevel  circular  grooves  finished  to  a  black  specular 
surface.  A  flush-mounted,  matted  flat  diffuse  plastic  surface  is  not 
a  cosine  surface  for  incident  flux.  This  design  was  developed  to  in¬ 
crease  the  flux  acceptance  at  angles  >0° .  the  amount  of  the  exposed 
edge  of  the  disk  being  determined  empirically.  The  outer  cutoff  at 
8.412  cm  (3.312  in.)  is  not  a  circular  section  but  a  rectangular  plate 
(this  is  an  edge  view). 


3.  Obtaining  Scalar  Irradiance 

The  next  step  is  to  obtain  a  measurement  of  the  scalar 
irradiance  of  the  beam  during  operational  sequences. 
Doing  this  near  concurrently  with  the  total  volume 
scattering  coefficient  measurement  minimizes  absolute 
calibration  errors  and  long-term  sensor  stability  prob¬ 
lems. 

A  reflecting  surface  is  inserted  normal  to  the  beam 
at  distance  Zr  from  the  center  of  the  irradiometer  and 
the  resultant  irradiance  is  measured.  The  irradiance 
E(xy)  falling  on  the  calibrating  surface  is  equal  to  the 
scalar  irradiance  since  the  surface  is  normal  to  the  beam. 
The  radiance  of  the  calibrating  surface  L(x,y£r)  is  a 
function  of  the  reflectance  R  of  the  surface  and  the 
scalar  irradiance: 

L(xj£r)mt(x,y)RThe.  (18) 

where  T  is  the  transmittance  of  an  attenuator  placed  in 
the  light  beam  in  order  to  bring  the  measured  reflected 
flux  down  into  the  appropriate  range  for  measurement 
by  the  irradiometer.  The  incremental  irradiance  from 
the  calibrating  surface  received  by  the  irradiometer  is 
defined  by 

dE(xjJr)  -  L(xvy-Zr)/(#)da  (19) 

The  solid  angle  may  be  expressed  in  terms  of  the  in¬ 
cremental  area  of  the  calibrating  surface, 

dQ  »  co aydxdy/r2.  (20) 

where  7  is  the  angle  between  the  normal  from  the  sur¬ 
face  and  the  light  reflected  toward  the  center  of  the  ir¬ 
radiometer.  Since  the  calibration  surface  is  normal  to 
the  flux  direction  between  the  irradiometer  and  the  light 
trap,  the  position  of  the  surface  Zr  is  negative  and 


co «7  » -Zr/r.  I2H 

Now  combining  Eqs.  ( 18)— (20)  we  get 

dEix.y^r)  ”  c(x,y)RTf(9 )  co97T_lr-2dxdy.  (22) 

The  total  irradiance  is  then 

E(Zr)  -  RTr-1  XT,  e(x,y)f(9'\  cosy  ~zdxdv.  (23) 

Let  us  now  define  a  factor  K  such  that 
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K  -  STir-i  j'J1  J"*  [dx,.y)MO.O)|/(0)  coayr-^dzdy.  (24) 

Dividing  Eq.  (23)  by  Eq.  (24)  we  get  an  expression  for 
the  scalar  irradiance  in  the  center  of  the  beam: 


dO.O)  -  £(Z,)/K. 


(25) 
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4.  Total  Volume  Scattering  Coefficient 

We  now  have  everything  needed  for  obtaining  the 
total  volume  scattering  coefficient.  Substituting  Eq. 
(25)  into  Eq.  (17)  we  have 

j  -  EK/[E(Zr)F],  (26) 

Equation  (26)  is  an  expression  for  the  total  volume 
scattering  coefficient  in  terms  of  the  ratio  of  two  mea¬ 
surable  quantities  and  two  computable  factors. 

B.  Radiometer  Measurements 
A  measurement  of  the  radiance  of  a  selected  portion 
of  the  scattered  flux  can  be  related  to  the  volume  scat¬ 
tering  function  <r(jd).  In  the  integrating  nephelometer, 
radiance  measurements  are  made  at  scattering  angles 
of  30°  and  150°.  The  incremental  radiance  L(xvy,/3)  of 
the  beam  at  angle  3  can  also  be  expressed  by  rewriting 
Eq.  (5)  as 

L(zj,fi)  “  t{zy)a(ff)dzdydzlda,  (27) 

where  da  is  the  apparent  incremental  area. 

The  field  of  view  of  the  radiometer  is  2° .  Therefore 
<t(3)  may  reasonably  be  assumed  to  be  constant  within 
the  field  of  view  and  not  a  function  of  x,y,  and  z. 

The  field  of  view  is  sufficiently  cylindrical  such  that 
it  can  be  reasonably  approximated  by  a  cylinder  of  ra¬ 
dius  V.  Fbr  a  cylindrical  field  of  view,  the  radiance  can 
now  be  expressed  as 

Lid)  m  <r(d)2x_l  it:  c(zj)V-1&zdzdy.  (28) 

For  each  dy,  the  field  of  view  describes  an  ellipse  such 
that 


xVVJ  +  AxVlV^csc^)  -  l. 


(29) 


where  Az  is  the  distance  of  the  edge  of  the  field  of  view 
from  the  center  of  the  field  of  view  in  the  z  dimension. 
Solving  Eq.  (29)  for  A z,  we  have 

Ax  -  (V*-x2)l/Jco4<3.  (30) 

Now  Eq.  (28)  can  be  rewritten  as 

Z,(<3)  ■  2<r(d)  c«cdx'1  J'  dxo’HV2  —  z2)l/7V~2dzdy. 

(31) 

Let  us  define  a  factor  G  such  that 

G(/J)  ”  2  cscd*—1  x  /:  (e(x,>,)/t(0,0)| 

x  (V*  —  z2)l,2V~2dzdy.  (32) 

The  factor  G(3)  takes  into  consideration  the  nonuni¬ 
formity  of  the  light  beam  and  the  restriction  of  the  field 
of  view  to  only  a  portion  of  the  beam  in  the  x  dimen¬ 
sion. 
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1.  Volume  Scattering  Function 

Combining  Eqs.  (25),  (31),  and  (32)  we  obtain  an  ex¬ 
pression  for  the  volume  scattering  function  in  terms  of 
the  radiance  of  the  beam  and  the  irradiance  of  the  cal¬ 
ibrating  surface: 

rj\  J)  =  L 1 J)K  \EiZr  id '  .i  »j  ' 

Equation  (33)  expresses  the  volume  scattering  function 
in  terms  of  measurable  quantities  and  computable 
factors. 

All  the  preceding  equations  are  for  monochromatic 
radiation  but  they  are  reasonably  applicable  to  broad¬ 
band  radiation  for  sensors  in  the  visible  and  very  near 
infrared  portion  of  the  spectrum. 


III.  Review  o 1 1ntegrating  Nephelometer  Data 

The  integrating  nephelometer  was  first  described  in 
1970  by  Duntley  et  al.10  This  first  nephelometer  was 
essentially  equivalent  to  that  in  Fig.  1  except  that  the 
flux  path  was  not  folded.  (The  light  source  was  rotated 
and  moved  to  the  position  of  the  mirror  in  Fig.  1  )  Two 
instruments  were  fabricated:  one  for  mounting  on  a 
C-130  aircraft  and  one  for  ground-based  use.  Mea¬ 
surements  were  made  both  on  the  ground  and  in  flight 
by  the  Visibility  Laboratory  with  these  instruments 
from  1968  through  1974  in  locations  in  Thailand,  the 
continential  United  States,  and  in  Europe.  The  air¬ 
borne  nephelometer  was  then  redesigned  with  a  folded 
path  aa  depicted  in  Fig.  1  and  described  in  1975  by 
Duntley  etal.n  This  folded  path  instrument  was  used 
in  Europe  to  make  similar  measurements  from  1976 
through  1980. 

The  measurements  between  1968  and  1980  were 
made  with  various  narrowband  and  broadband  spectral 
sensitivities  in  the  visible  spectrum  and  very  near  in¬ 
frared,  with  mean  wavelengths  from  478  to  765  nm. 

A.  Nephelometer  Procedure 

The  airborne  procedure  was  to  measure  the  total 
volume  scattering  coefficient,  the  volume  scattering 
function  at  30°  and  150°  scattering  angles,  and  the  ir¬ 
radiance  from  the  calibration  surface  for  each  filter  at 
the  lowest  altitude  of  level  flight  and  the  highest  altitude 
of  level  flight.  If  the  altitude  difference  was  large,  the 
procedure  included  similar  measurements  at  one  or  two 
intermediate  altitudes. 

When  it  was  possible  to  have  a  ground-based  station 
beneath  or  near  the  flight  area,  similar  ground-based 
measurements  were  made  at  the  beginning  of  the  flight 
and  at  the  end.  Intermediate  ground-based  measure¬ 
ments  were  made  when  the  flight  spanned  a  long  in¬ 
terval. 

B.  Scattering  Simplification 

The  dual  measurements  of  total  scattering  coefficient 
and  selected  volume  scattering  function  provided 
complementary  data  for  use  in  evaluating  the  shape  of 
the  volume  scattering  function.  When  the  integrating 
nephelometer  data  are  put  into  the  form  of  the  ratio  to 
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Fig.  4  Comparison  of  multispectral  volume  scattering  function 
ratios  measured  by  the  Visibility  Laboratory  ground-based  nephe- 
lometer  with  photopic  ratios  from  Barteneva.9  The  OPAQUE  V 
ground  station  operated  in  Sicily.  Germany,  and  England  during 
August  and  September  1978.  The  weather  varied  from  clear  with 
haze  through  scattered  to  broken  clouds,  to  overcast.  The  deploy¬ 
ment  is  described  briefly  in  Ref.  13  and  more  fully  in  Ref.  14. 


the  Rayleigh  scattering,  differences  due  to  wavelength 
and  air  density  changes  with  altitude  disappear.12 

Consider  the  ratio  2 (zj)  of  the  measured  volume 
scattering  function  to  the  Rayleigh  volume  scattering 
function  Rcr(z,i5)  where  z  is  the  altitude  of  measure¬ 
ment: 


2 lz,dl  ■  ffU.dl/Rfflz.dl  <341 

Next  consider  the  ratio  Q(z  I  of  the  measured  total  vol¬ 
ume  scattering  coefficient  to  the  Rayleigh  total  volume 
scattering  coefficient  gs(z  1: 

Qlz  i  «  sizt/flsu  i  (35> 

When  2(z,d)  is  plotted  vs  Q(z  I,  simple  relationships  at 
each  scattering  angle  emerge  (see  Fig.  4). 

All  the  scattering  function  ratios  graphed  as  a  func¬ 
tion  of  the  total  scattering  ratios  result  in  these  simple 
relationships  for  each  scattering  angle  regardless  of  the 
filter  or  altitude.  The  superimposed  curves  in  Fig.  4 
(ground  level)  and  Fig.  5  (airborne)  are  from  the  Bart¬ 
eneva  (Ref.  9)  catalog  of  normalized  volume  scattering 
functions.  Figure  6  contains  a  graph  of  the  spectral 
response  of  the  filtered  sensor  for  the  filters  used  in 
measuring  the  data  in  Figs.  4  and  5. 

All  departures  from  these  simple  relationships  have 
disappeared  on  solution  of  instrumental  problems. 
These  relationships  are  derivable  from  the  Barteneva 
catalog  of  scattering  functions. 

C  Barteneva  Catalog 

The  Barteneva  catalog  is  for  the  photopic  sensor. 
This  catalog  is  based  on  624  ground-based  measure- 
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Fig  5  Comparison  of  multispectral  volume  scattering  function 
ratios  measured  by  the  Visibility  Laboratory  airborne  nephelometer 
with  photopic  ratios  from  Barteneva  9  The  fourteen  Metro  flights 
were  in  the  area  of  St.  Louis.  Illinois,  from  1 1  to  24  Aug  1971  The 
sun  was  unobacured  during  the  flights  but  the  sky  varied  from  clear 
to  scattered  or  broken  clouds,  depending  on  the  flight  The  flights 
are  described  in  Refs.  15  and  16 
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Fig  6  Standard  spectral  responses  for  airborne  filtered  sensors 


Filter 

Description 

Mean 

wavelength 
i  nm ) 

Effective 
pass band 
tnm* 

2 

Blue 

478 

20 

6 

S-20  with  UV  cutoff 

532 

184 

4 

Pseudophotopic 

557 

“5 

3 

Red 

664 

30 

5 

Near  infrared 

765 

50 

ments  made  with  a  nephelometer  from  1955  through 
1958  in  various  locations  in  the  L’.S.S.R.  and  at  sea  For 
each  normalized  volume  scattering  function  she  gives 
a  range  of  total  volume  scattering  coefficients  appro¬ 
priate  to  that  function. 

The  catalog  contains  values  of  normalized  volume 
scattering  function  <r(d)  s  for  S  from  0°  to  180°  For 
our  purposes  we  need  the  actual  values  of  crt.it  and  .«  not 
the  ratio.  The  median  total  volume  scattering  coeffi¬ 
cients  for  each  scattering  class  was  obtained  from  the 
range  given  for  each  class.  Then  the  ratio  Q)  was  com- 
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puled  for  these  median  s  values.  Similarly,  the  value 
of  the  median  volume  scattering  function  rriO.J)  for  30° 
and  150°  was  computed  bv  multiplying  the  normalized 
functions  b\  the  median  •>  values  Then  the  ratio  to 
Rav.eigh  2* r <  was  calculated  and  the  curves  in  Figs. 
4  and  5  irraphed  for  the  Barteneva  data 

All  the  integrating  nephelometer  data  for  total  vol¬ 
ume  scattering  and  the  scattering  sanctions  at  40°  and 
1 V1 0  agree  with  the  Barteneva  catalog  ol  gradual  func¬ 
tions  Thus,  it  is  reasonable  to  assume  that  the  Bart¬ 
eneva  catalog  is  appropriate  for  specifying  the  direc¬ 
tional  scattering  for  all  the  scattering  angles  from  0°  to 
180°  for  various  sensors  in  the  visible  spectrum  in  the 
troposphere. 

A  graph  of  the  normalized  volume  scattering  func¬ 
tions  as  a  function  of  scattering  angle  for  the  Barteneva 
catalog  of  gradual  classes  is  given  in  Fig  7 

D  Average  Volume  Scattering  Function  at  55° 

The  average  normalized  volume  scattering  function 


The  Rayleigh  normalized  volume  scattering  function 
can  be  computed  from  the  approximation 


trriJi  ns 


cos23r  (  l6tr  i 


Equations  <  36 >  and  (37)  were  combined  and  the  ensuing 
equation  solved  to  obtain  the  scattering  angle  at  which 
the  Ravletgh  normalized  volume  scattering  function  is 
equal  to  the  average  values  of  1/Uirt.  It  was  found  to 
be  55°: 


The  graph  in  Fig.  7  is  marked  at  scattering  angle  55° 
and  at  the  normalized  volume  scattering  function  equal 
to  0.08.  From  this  graph  we  see  that  the  scattering 
angle  of  55°  yields  a  reasonable  approximation  of  the 
average  volume  scattering  function  for  all  the  scattering 
functions  except  the  gradual  classes  9  and  10.  that  is. 


Note  that  in  Figs.  4  and  5  none  of  the  total  scattering 
coefficient  ratios  Q'z  i  exceeds  100.  Gradual  classes  1 
through  8  [f^(§i  =  114]  were  encountered  in  the  data 
measured  from  1968  through  1981  but  never  9  or  10 
j 1 9 1  =  201  and  V'lOi  =  237).  Therefore,  for  modeling 
the  atmospheres  in  the  visible  spectrum,  it  is  reasonable 
to  use  Eq.  i .'39 »  as  part  of  the  model  assumptions. 

IV.  Obtaining  Single  Scattering  Albedo  from  Horizon 
Sky  Radiance 

One  ol  the  imruications  ol  the  measurements  from  the 
integrating  nepnelnmeter  is  that  we  can  obtain  the 
'inele  scattering  albedo  from  the  horizon  sky  radiance 
The  single  scattering  albedo  u  ir  i  is  the  total  volume 
scattering  coefficient  divided  bv  the  attenuation  coef- 
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Normalized  volume  scattering  function  for  gradual  classes 
from  Fig  1.  Barteneva" 


The  attenuation  coefficient  is  the  sum  of  the  total  vol¬ 
ume  scattering  coefficient  and  the  absorption  coeffi¬ 
cient 


Roessler  and  Faxvog1’  developed  equations  for  the 
horizon  sky  luminance  as  a  function  of  the  single  scat¬ 
tering  albedo  after  assuming  both  an  isotropic  scattering 
function  and  an  isotropic  luminance  distribution. 
Their  approach  can  be  made  more  generally  applicable 
to  a  nonisotropic  scattering  function  and  a  nonisotropic 
radiance  distribution  las  well  as  a  nonisotropic  lumi¬ 
nance  distribution).  We  achieve  this  by  developing 
equations  for  the  horizon  at  a  scattering  angle  of  55° 
from  the  sun. 

A.  Horizon  Sky  at  55°  from  the  Sun 

The  path  function  is  the  radiance  scattered  toward 
the  path  of  sight  by  the  atmosphere  within  an  increment 
of  path  length  Figure  8  graphically  depicts  path 
function,  path  radiance,  sky  radiance,  and  equilibrium 
radiance. 

The  equation  for  the  path  function  L.(z.8.55°i  at  55° 
scattering  angle  from  the  sun  can  be  expressed  with  the 
sun  component  separate  from  the  sky-terrain  compo¬ 
nent  in  a  manner  similar  to  Eq.  ( 3.2 1  of  Ref.  18: 

L.iz.d, 55°  >  *  fc  i<ri*  .55di 

+  ft,L'Z  H  c  '<*■■  *  G.'-'  l42, 

The  0  is  the  zenith  angle  of  the  path  of  sight  at  scattering 
angle  3.  cr(z)  is  the  sun  scalar  irradiance.  L  i;.8’.<j'i  is 
the  sky  or  terrain  radtance  at  zenith  angle  w  and  azi¬ 
muth  o'.  and  L.r iz  '  is  the  emitted  path  function  due  to 
absorption.  Substituting  Eq.  i39i  into  Eq.  1 42 >  and 
assuming  that  the  sky-terrain  or  diffuse  scalar  irra¬ 
diance  ac ic  i  is  isotropic  we  get 

L.  U.8.5‘i°  i  «  .ri.-if.-i  Ur  1  4r  <  *  L.,i 1  >4~i 

Since  the  total  scalar  irradiance  r(r  i  is  the  sun  scalar 
irradiance  plus  the  sky-terrain  scalar  irradiance.  Eq 
1 43)  can  be  written  as 

L,*z  H.r\’u"h  *  ri  j  ».si^  i  i  4  r  »  L C  *  '44  > 


F:g  -  Relationship*  between  patr.  function.  path  radiance  sky  radiance  and  equiiiDnum  radiance  Path  function  is  me  radiance  scattered 
toward  :ne  ^enyr  fn  the  atmospneric  constituent*  within  an  incremental  unit  of  path  length  Path  radiance  is  tne  cumulative  transmuted 
radiance  of  the  increments,  patr.  function  elements  aiong  tne  specified  path  of  sight  Sk\  radiance  is  a  special  form  uf  path  radiance  in  wmcr 
tne  pair,  wt  sight  i*  between  a  sensor  and  the  boundary  of  the  atmosphere  and  is  cloud  free  Equilibrium  radiance  is  a  speaai  form.  «>:  patr. 
radiance,  wmcr  :>  uni's  directfv  observable  along  uniform  horizontal  paths  of  sight,  in  which  an  equilibrium  exists  between  the  radiance  gained 
from  ar.  additional  increment  of  path  function  and  the  radiance  loss  due  to  attenuation  in  the  increment 


Tne  point  function  equilibrium  radiance  is  equal  to 
the  pair,  function  divided  bv  the  attenuation  coefficient 
’  Eq.  •  1 1 1 .  Ref.  2i: 

4,.  =  L.  :  ~  ond •  ««*■.  '45* 

Also  the  emitted  path  function  can  be  expressed  as  (Eq. 
He:  I' 

L . , 1  j  ■  «  a '. ;  >  L  ■  > .  T  ■  •  46  • 

The  L>.T 1  i>  the  black  body  radiance  which  is  a  func¬ 
tor,  uf  wavelength  V  and  absolute  temperature  T  ac- 
o >rdinf  to  tne  classical  blackbody  equation. ls*  Now. 
dividing  both  sides  bv  the  attenuation  coefficient  and 
expressing  the  emitted  path  function  according  to  Eq. 
-  4e ,  we  get  an  equation  for  the  equilibrium  radiance 

:  un.-Ur  at;  iLi  X.7"'  ma  >  4T  > 

Equation  4  ~  can  rie  expressed  in  terms  of  the  single 
scattering  albedo;,  (from  Eqs.  i40>  and  < 4 1  > ]  as 

1 4  r  ■  »  ' :  -  u  < ;  i)Z.i  A.  T  •  4*, 

F  it  a  scattering.  absorbing.  and  emitting  atmosphere 
which  i-  Horizon:. die  homogeneous,  the  general  equa- 
'i  -n  lor  Tie  nori/ori  -k\  radiance  [Eq.  i:\57i.  Ref.  18j  can 
tie  written  t .  r  'he  horizon  .it  ws  scattering  angle  as 

.  :  -  r.'.-.s",  '4s. 

I':-.*  !  ,  i-  the  horizontal  radiance  transmittance 

to  rt.  ■  'Ut  ot  '  tie  at  mi  sphere  to  altitude  ;  Substituting 
Eq  t-  into  Eq  '  4.C  *he  horizon  sky  radiance  at  Ti° 
be,  ,  ime- 


i  i  a  40.55a  ■  =  i.  i ;  if  *  *  1 4r  1 

*  -  uif  it".  -  T.  ■:.**><.  >:«" 

Solving  for  the  single  scattering  albedo  we  get 

t:cr.9C'.55di|l  -  T.IZ. -  L'K.T 

u  i;  i  * - — - - - - — — '  ' 

or  M4ir  i"  :  -  Li.K.T 

The  above  equation  assumes  that  the  attenuation 
coefficient  is  horizontally  isotropic  and  therefore  the 
horizon  sky  must  be  cloud  free.  With  this  equation  the 
single  scattering  albedo  can  be  obtained  from  a  mea¬ 
surement  of  the  horizon  sky  radiance,  the  temperature, 
the  horizontal  transmittance,  and  the  total  scalar  irra- 
diance. 

B  Visible  Spectrum 

In  the  visible  spectrum  Li\.T>  is  negligible 
Therefore  Eq.  <51*  becomes 

ui.-i  '  L  .90.5nJi4rri;  o :  1  -  T.  i  r . S*< ■  ~ 

Also  for  wavelengths  £  non  nm.  the  sea  level  7„u'.s»vi 
is  always  negligible  even  lor  a  Ravleign  atmosphere 
Thus  Eq  1 52 1  becomes 

. . .  .4-  . , 

Theretore  the  single  scattring  albedo  can  be  determined 
at  sea  level  hv  measuring  the  horizon  sK\  at  .V, :  ana  the 
total  scalar  irradiance 

The  above  equations  are  the  monochromatic  radia¬ 
tion.  However,  thev  are  also  applicable  to  broadband 
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Fig  9  Sketch  of  sky  radiances  at  scattering  angle  from  the  sun  of 
55° 


radiation  for  sensors  in  the  visible  spectrum.  Thus  Eq. 
(53)  applies  to  the  photopic  sensor  as  well  as  other 
sensors  with  mean  wavelengths  £555  nm. 


V.  Obtaining  Scattering  Transmittance  from  Sky 
Radiance  Ratios 

A  second  implication  of  the  integrating  nephelometer 
data  utilizes  the  average  volume  scattering  concept  for 
obtaining  space-to-earth  scattering  transmittance  from 
sky  radiance  ratios. 


A  Negligible  Absorption 

When  absorption  is  negligible,  the  general  equation 
for  the  equilibrium  radiance  at  55°  scattering  angle  [Eq. 
*  43 ) ]  reduces  to 


L,u.0.55bi  «  cu)/(4r).  (54) 

Rearranging  the  equilibrium  radiance  form  of  the 
equation  of  transfer  [Eq.  (2.17),  Ref  18]  we  get 


Liz.r.bbJi  -  Lqiz  ,h.bb3\\~ldLiz  .H.bbSi  -  -sizidr,  (55' 

where  dr  is  the  incremental  path  length.  The  total 
scattering  coefficient  s(z)  has  been  substituted  in  Eq. 
(55)  for  the  attenuation  coefficient  since  aborption  is 
negligible 

Multiplying  the  left  side  by  c(z  )/cU )  and  substituting 
in  Eq.  (54).  Eq.  (55)  can  be  expressed  in  integral  form 
as 


L  i z 

dz  \ 


d 


L\z  .6 .555) 

CiZl 


■x 


s(z>dr  (56) 


Equation  (56)  can  be  integrated.  The  result  of  the  in¬ 
tegration  is 


t<z  i 


LniZt  .Sb3i,T,u i  'f(2f  > 


+  0.08(1  -  ,Tr\z.d)l  (57 1 

where  , 77(z.tf)  is  the  radiance  transmittance  due  to 
scattering  at  angle  H  over  path  length  r. 

For  sky  radiance  at  55°  scattering  angle,  the  inherent 
radiance  out  of  the  atmosphere  is  equal  to  zero  and  Eq. 
(57 1  becomes 
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B.  Sky  Radiance  Ratio  at  55° 

If  we  divide  Eq.  (58i  by  a  similar  equation  written  for 
a  second  path  of  sight  at  zenith  angle  H'.  we  get 


L  •i2.0.55rfl/LL  iz.P'.ooJi  *  il  -  s  r.ir.tf  i)/[l  -  }T« 


The  scalar  irradiances  drop  out.  Thus  the  ratio  of  two 
sky  radiances  at  a  scattering  angle  of  55°  is  solely  a 
function  of  the  scattering  transmittance. 

Slant  path  radiance  transmittance  can  also  be  written 
as  a  function  of  the  vertical  transmittance  and  the  rel¬ 
ative  air  mass  which  we  will  abbreviate  as  miff),  thus 

L  mm(a,6,bb3)/L  *.  12.  ) 

*  (1  -  ,7'.<2.0>'",(h]/(l  -  (60 1 

Although  Eq.  (60)  cannot  be  solved  directly  for  vertical 
transmittance,  it  can  be  solved  by  iterative  means. 
Error  analysis  indicates  that  the  zenith  angle  difference 
f>  -  O'  should  be  large  to  minimize  the  error  in  the  re¬ 
sultant  vertical  transmittance.  Figure  9  illustrates  the 
position  of  sky  radiances  at  55°  scattering  angle  for  a 
sun  zenith  angle  of  30°. 

The  scattering  optical  thickness  st«,(z)  is  related  to 
the  vertical  transmittance  bv 


,7-lz.O)  “  exp[-,l„(rl] 


(61) 


C.  Visible  Spectrum 

In  the  visible  spectrum,  absorption  is  negligible  ex¬ 
cept  for  ozone.  The  total  vertical  radiance  transmit¬ 
tance  T.(z.O)  would  thus  be  approximated  by  the 
product  of  the  scattering  transmittance  times  the  ozone 
transmittance  aT„(z.0): 


r.u.oi  •  (r„iz.o)„r.(z.o>. 


(62) 


'sT:  7*1 


if 


---  A 
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To  illustrate  the  use  of  Eqs.  (60)  and  (62).  we  refer  to 
an  extensive  set  of  sky  radiance  and  solar  transmisso- 
meter  data  taken  on  the  Visibility  Laboratory  rooftop 
in  1964  (described  briefly  in  Ref.  13).  The  transmit- 
tances  have  been  checked  for  consistency  and  validity. 
The  spectral  sensitivity  of  the  sensor  with  the  four  dif¬ 
ferent  filters  used  to  measure  these  data  is  illustrated 
in  Fig.  10. 

A  day  is  considered  to  be  optically  stable  when  the 
vertical  transmittance  does  not  change  with  time.  The 
atmosphere  at  the  Visibility  Laboratory  on  2  Sept.  1964 
was  optically  stable  during  the  afternoon  as  verified  in 
Sec.  3.3  of  Ref.  18.  Thus  evaluation  of  the  scattering 
transmittances  throughout  the  afternoon  should  give 
us  an  estimate  of  the  precision  of  the  sky  ratio  estima¬ 
tion  method  for  broadband  sensors  in  the  visible. 
Equation  (60)  was  evaluated  for  all  sky  radiances  at  55° 
±  2.5°  scattering  angle  for  6  from  81.6°  to  64.7°  and  O' 
from  64.7°  to  2.8°.  Later  error  analyses  indicated  that 
some  of  these  zenith  angle  combinations  are  less  error 
prone  than  others.  Hence,  the  average  scattering 
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Fig  U».  Standard  spectral  responses  for  Visibility  Laboratory 
rooftop  1964  filtered  sensors: 


Filter 

Description 

Mean 

wavelength 

inmi 

Effective 
pass  band 
inmi 

i 

Blue 

459 

58 

2 

5-11 

505 

152 

3 

Photopic 

560 

107 

4 

Red 

661 

61 

transmittances  used  to  obtain  the  ratios  in  Table  I  are 
less  accurate  than  can  be  obtained  with  a  smaller  yet 
better  selection  of  zenith  angle  combinations  for  the  sky 
radiance  ratios.  However,  Table  I  is  presented  as  a  first 
approximation. 

The  transmittance  ratios  in  Table  I  are  the  average 
scattering  transmittances  based  on  Eq.  (60),  times  the 
ozone  transmittance,  divided  by  the  transmittance  from 
the  solar  transmissometer.  The  ozone  transmittance 
is  noted  at  the  bottom  of  each  column.  The  ozone 
vertical  transmittances  were  based  on  the  total  ozone 
for  the  U.S.  Standard  Atmosphere20  and  the  spectral 
ozone  absorption  values  of  Vigroux21  (which  are  in  good 
agreement  with  the  Inn  and  Tanaka22  values). 

The  average  transmittance  ratio  is  nearest  to  1  (the 
ideal)  for  filter  1  which  is  a  relatively  narrowband  Filter 
whose  spectral  sensitivity  is  at  wavelengths  with  the 


least  atmospheric  absorption.  The  near-noon  (small 
sun  zenith  angle)  data  compare  least  well.  The  accu¬ 
racy  is,  however,  sufficient  to  warrant  further  devel¬ 
opment  of  the  method  to  improve  the  precision  level. 

Use  of  sky  radiances  at  55°  scattering  angle  should 
be  an  improvement  on  the  sky  ratio  methods.23  That 
method,  which  stemmed  from  the  nomographic  method 
of  Kushpil  and  Petrova,24  used  sky  radiances  at  all 
scattering  angles.  They  suggested  use  of  ratios  at  57.2° 
scattering  angle  for  the  visible  spectrum  and  53.9°  for 
the  near-infrared  portion  of  the  spectrum  but  did  not 
give  a  theoretical  basis  for  their  nomograph  or  for  the 
selection  of  these  angles.  The  use  of  55°  scattering 
angle  in  Eq.  (60)  is  reasonably  consistent  with  their 
angles. 

VI.  Summary 

Equations  were  derived  for  relating  the  integrating 
nephelometer  measurements  to  the  total  volume  scat¬ 
tering  coefficient  and  the  volume  scattering  functions 
at  30°  and  150°.  These  equations  take  into  consider¬ 
ation  the  effects  of  nonuniformity  of  the  light  beam  over 
the  cross-sectional  area,  variations  in  true  cosine  ac¬ 
ceptance  of  the  irradiometer,  and  truncation  of  the 
optical  integration  near  scattering  angles  of  0°  and 
180°. 

When  the  nephelometer  data  are  graphed  in  the  form 
of  the  ratio  2(z,0)  (measured  to  Rayleigh  volume  scat¬ 
tering  function)  as  a  function  of  the  ratio  Q(z)  (mea¬ 
sured  to  Rayleigh  total  volume  scattering  coefficient), 
simple  relationships  emerge  for  each  scattering  angle. 
All  visible  spectrum  broadband  measurements  at  all 
altitudes  in  the  troposphere  (based  on  ground-based  to 
6-km  measurements)  measured  all  over  the  world  be¬ 
tween  1968  and  1980  result  in  these  predictable  rela¬ 
tionships.  These  relationships  are  derivable  from  the 
Barteneva  catalog  of  proportional  volume  scattering 
functions.  This  is  a  tremendous  simplification  for 
modelers  of  the  radiation  field  and  of  contrast  trans¬ 
mittance.  The  Hering  model25  for  predicting  contrast, 
contrast  transmittance,  and  sky  radiance  makes  use  of 
this  simplification. 

It  is  not  easy  to  obtain  a  measure  of  single  scattering 
albedo  or  of  scattering  optical  thickness.  The  inte- 
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grating  nephelometer  has  provided  a  data  set.  the 
analysis  of  which  has  led  to  simplifications  and  finally 
to  the  development  of  methods  for  obtaining  single 
scattering  albedo  and  scattering  optical  thickness. 

The  method  for  obtaining  the  single  scattering  albedo 
for  broadband  sensors  in  the  visible  uses  a  measurement 
of  the  horizon  skv  radiance  at  55°  scattering  from  the 
sun  and  a  measurement  ot  the  total  scalar  irradiance. 
Nonvisibie  spectrum  albedo  requires  additional  mea¬ 
surements  ot  ambient  temperature  and  horizontal 
transmittance. 

The  method  for  obtaining  scattering  optical  thickness 
uses  measurements  of  sky  radiance  at  55°  scattering 
angle  from  the  sun.  made  at  two  disparate  zenith  angles. 
This  method  is  appropriate  for  monochromatic  or 
broadband  measurements  in  the  visible  portion  of  the 
spectrum. 
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New  uses  for  the  solar  aimucantar 


Jacqueline  I.  Gordon 


The  basic  equation  for  the  solar  aimucantar  (same  zenith  angle  as  the  sun)  sky  radiance  is  developed. 
Methods  are  reviewed  for  using  the  solar  aimucantar  sky  radiance  to  obtain  space-to-sensor  radiance 
transmittance  and  to  test  the  optical  stability  of  the  atmosphere.  Aimucantar  sky  radiances  on  optically 
stable  days  can  also  be  used  to  test  for  spurious  sun  reflectance  in  a  sky  radiance  photometer.  Examples  of 
such  a  use  are  given.  A  new  method  is  also  developed  for  obtaining  the  aerosol  optical  thickness  from  solar  ai¬ 
mucantar  radiances. 


I.  Introduction 

The  aimucantar  is  the  portion  of  the  sky  at  a  con¬ 
stant  zenith  angle.  The  solar  aimucantar  is  at  the 
zenith  angle  of  the  sun  8,.  This  is  illustrated  in  Fig.  1. 
Solar  aimucantar  sky  radiances  have  special  character¬ 
istics  which  make  them  useful  for  obtaining  total  opti¬ 
cal  thickness1  and  aerosol  optical  thickness.2  Solar 
aimucantar  radiances  can  also  be  used  to  determine  if 
the  day  is  optically  stable.3 

The  above  methods  provided  the  basis  for  develop¬ 
ing  two  additional  uses  for  the  solar  aimucantar.  Solar 
aimucantar  sky  radiance  measurements  on  an  optical¬ 
ly  stable  day  can  be  used  to  test  for  internal  reflectance 
problems  in  a  radiometer.  Finally,  solar  aimucantar 
radiances  at  55°  and  125°  from  the  sun  can  be  used  to 
obtain  aerosol  optical  thickness. 

The  theory  and  equations  are  for  monochromatic 
radiation,  however  applicability  to  radiance  for  broad¬ 
er  pass  bands  will  be  indicated  where  appropriate. 
The  notation  used  is  that  adopted  by  the  Visibility 
Laboratory4  and  modified  to  correspond  to  OSA  rec¬ 
ommendations  in  Sec.  1  of  Driscoll  and  Vaughan.5 

I.  Solar  Aimucantar  Sky  RwSanco 

A.  Basic  Equation 

A  basic  equation  for  the  solar  aimucantar  sky  radi¬ 
ance  can  be  developed  from  the  general  equation  for 
path  radiance.  The  sky  radiance  in  the  solar  aimucan¬ 
tar  is  the  path  radiance  L.*(z,8„<t>)  from  out-of-the  at¬ 
mosphere  to  the  sensor  at  altitude  z.  The  path  of  sight 
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of  the  sensor  is  toward  zenith  angle  8,  of  the  sun  and 
azimuth  <t>.  The  path  radiance  is  the  integral  of  the 
path  function  L9(z,8„<t>)  times  the  intervening  radi¬ 
ance  transmittance  [Ref.  4,  Eq.  (17)]: 

rfl«> 

L;(z,S„*)-  L.{zJ„*)T„iz,6,)dr.  (1) 

Jff-i 

The  differential  path  length  dr  is  always  non-nega¬ 
tive.  In  the  plane-parallel  case  (and  in  the  curved 
earth  case  for  paths  of  sight  at  zenith  angles  8  »  0-70° 
and  110-180°)  the  incremental  path  length  dr  is  de¬ 
fined  as 

Ar  »  Ax  sec#.  (2) 

The  dz  is  defined  as  z;  —  z2  (the  subscripts  increase  in 
the  flux  direction),  see  Fig.  2. 

I  have  expressed  the  limits  of  the  integral  in  Eq.  (1) 
as  a  function  of  the  altitude  at  the  beginning  and  end  of 
the  path  length  r  since  this  will  be  helpful  later  in 
establishing  some  equivalencies. 

The  path  function  can  be  expressed  as  the  sum  of  the 
scattered  sun  component,  a  scattered  sky-terrain  com¬ 
ponent  and  an  emitted  component  L,„(z)  [Eqs.  (4)  and 
(5),  Ref  6  and  Eqs.  (2.3)  and  (2.4),  Ref.  7]: 

L,(z,f„0)  -  ^(zMzJ)  +  j  L(z,9’,<t>')<,(zj3')dQ  + L„{z).  (3) 

The  *(z)  is  the  sun  scalar  irradiance,  a (z,d)  is  the 
volume  scattering  function,  and  3  is  the  scattering 
angle.  Factoring  out  the  sun  scalar  irradiance,  Eq.  (3) 
becomes 

L,(z,t),,<fi)  "  ,t(z)^<x(xj3)  +  j  L  (z.t? ,0,)<r(z.tf')d(l/lc(z) 

+  L.„(z)/Ic(x)j.  14) 

Let  the  last  two  terms  be  designated  by  the  function 
C(z)  such  that 

C(x)  ■  f  Kz,r,«l'Mz.f)dQ/sU>  +  L,'(z)/sU).  (5) 
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Fig.  1.  Solar  almucantar  sky  and  radiance.  Angle  from  sun  $  is 
found  from  coed  “  sin2#,  coe«  +  cos2#,. 


where  m„(z,d,)/m„{zfi)  is  the  relative  optical  air  mass 
at  9,.  For  sensor  altitudes  up  to  6  km  (Ref  8)  the  sea 
level  values  of  relative  air  mass  can  be  used  for  sun 
zenith  angles  from  0°  to  86°.  So  for  convenience  the 
air  mass  notation  will  be  shortened  to  miO,).  Substi¬ 
tuting  back  into  Eq.  (9)  it  becomes 

=  J  [uir.jl  -i- Ciri|dr-  'll) 


The  right-hand  term  can  be  separated  into  two 
parts: 

j  (ff(rj3)  +  C(r))dr  “  j  aizj)dz  +  j  C(z)dz.  (12) 

Now  let  us  define  an  optical  thickness  function  r„(z,d) 
such  that 

r_  »  j  <r{z.d)dz.  (13) 

The  integral  of  the  optical  thickness  function  over  4ir  is 
the  optical  thickness  due  to  scattering  st«(z): 

,l.(z)  ■  [  r_U,d)dQ,  U4) 

j4r 


since  the  optical  thickness  due  to  scattering  is  the 
integral  of  the  total  scattering  coefficient  with  altitude: 


,tm(z) 


I 


a(z)dz. 


(15) 


Fig  2.  Incremental  path  length  geometry  for  upward  and  down¬ 
ward  paths  of  sight  Ar  -  (2,  -  zj)  sec#;  A,  upward  path  of  sight  (0  < 
90“ )  with  flus  downward;  B,  downward  path  of  sight  (0  >  90°)  with 
flux  upward. 


Substituting  Eqs.  (4)  and  (5)  into  Eq.  (1),  it  becomes 

riit  i 

l’Jz,d„0)  -  s(zjTn(z.8l){a(z,A)  +  C(z,)|dr.  (6) 

Jfl-i 

The  sun  scalar  irradiance  and  the  transmittance  can 
be  expressed  as  a  function  of  the  sun  irradiance  out-of- 
the  atmosphere  ,«(«)  and  the  attenuation  coefficient 
a(z)  as  follows: 

r  rfi’i)  rfi‘1  1 

S(zjTn(z,t),)  “/(«>)  expj  —  J  a(z)dr  —  j  0(2 )dr  .  (7) 

The  two  integrals  can  be  combined  and  expressed  in 
terms  of  the  limits  /(®)  to  f(z)  which  is  equivalent  to 
the  total  transmittance,  thus 


Substituting  Eq.  (13)  into  Eq.  (11)  it  becomes 

O*.0I.*)/U<*)m<#,)]  -  T.lzjJ)  +  C(z)dz.  (16) 

This  is  the  basic  equation  for  the  radiance  in  the 
solar  almucantar  and  how  it  relates  to  the  sun  scalar 
irradiance,  the  optical  air  mass,  the  optical  thickness 
function  and  one  additive  component  defined  by  Eq. 
(5). 

For  simplicity  the  right-hand  ratio  is  defined12  as  a 
function  p(z,/9): 

-  Z,:(z,0„d>/V<z)m(0,)].  (1~) 

■.  Optical  StabWty  and  Spurious  Sun  Raflactanca 

The  method  for  determining  spurious  sun  reflec 
tance  in  a  radiometer  (when  the  day  is  optically  stable) 
is  based  on  the  methods  of  testing  optical  stability 
Therefore,  we  will  start  with  a  detailed  review  of  the 
optical  stability  tests. 


/(2,)rn(2^t)  -  s(-)Tjz,e,)  -  /(z).  (8) 

Now  substituting  into  Eq.  (6),  the  sun  irradiance  can 
be  taken  out  of  the  integral  thus 

.  (-/«*> 

f..U.0,.0)/,r(2l  “  [<7(22?)  +  CUIIdr.  (9) 

In- 1 

The  quantity  in  the  square  brackets  is  a  function  of 
altitude  and  not  of  zenith  angle,  therefore 

r/<l< 

(  [<tI22?>  +  C(2)|dr  "  (m.(2.0,)/m_(2,O)| 

I  [<T(z,d)  +  C(2)|<?2.  1101 


A.  Optical  Stability 

The  day  is  considered  to  be  optically  stable  when  the 
atmospheric  radiance  transmittance  (or  total  optical 
thickness)  does  not  change  with  time. 

1.  Transmittance  from  Solar  or  Solar  Almucantar 
Radiances 

When  the  day  is  optically  stable,  measurements  of 
the  apparent  sun  radiance  ,L,(z,6„ 0)  made  over  a  large 
range  of  sun  zenith  angle  yield  a  good  measure  of  total 
transmittance  T.(z, 0)  and  the  inherent  sun  radiance 
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2.  Tests  to  Determine  Optical  Stability 

Pyasxovskaya-Fesenkova3  outlines  two  tests  for  op¬ 
tical  stability  as  well  as  a  unique  equation  for  transmit¬ 
tance  which  is  valid  only  for  optically  stable  days. 

The  first  test  is  to  graph  the  function  iiizj)  vs  mid) 
for  a  constant  scattering  angle  3.  As  can  be  seen  from 
Eqs.  (16)  and  (17),  if  the  day  is  optically  stable  the 
right-hand  term  is  constant.  Therefore  this  grapn 
should  result  in  a  horizontal  straight  line.  Figure  5i  a) 
is  an  example  of  this  test.  For  an  optically  stable  day, 
the  function  n(z,3)  is  constant: 

nUJ)  =»  B,  <23) 

where 

B  =»  t,(2„3)  +  !  Clzldz.  >24) 


Fig.  3.  Langley  graph  of  measured  apparent  center  sun  radiance  for 
2  Sept.  1964. 


J..IZ.S,. 0)  -  ,£.„(« >T„(*. (18) 

Taking  the  log  of  both  sides  of  Eq.  (18)  it  becomes 

logjL.U,#,,!))  »  log,!,!-”)  +  mlS,)  logT.lz.O),  (19) 

Graphs  of  apparent  sun  radiance  on  semilog  paper  of 
log  apparent  sun  radiance  vs  air  mass  yield  the  typical 
Langley  (or  Bouguer)  graph  where  log  inherent  sun 
radiance  is  the  intercept  and  log  transmittance  is  the 
slope,  see  Fig.  3. 

Variations  of  Eq.  (16)  give  both  another  method  for 
obtaining  the  total  transmittance  and  several  ways  of 
checking  the  optical  stability.  Equation  (16)  can  also 
be  written  as 

Hlz.S,J)/m(S,)  -  r.U.0)'"'vtc<®)j\.(z,d)  +  j‘  C(r)dzj.  (20) 

Taking  the  log  of  both  sides,  Eq.  (20)  becomes 

\og{L'mlz,S,,3)lrnlS,)\  »  mlS,)  logTJz.O)  +  1  ogA,  (21) 

where 

A  -  ^(<»)^r.(r,d)  +  j  Clz)dz  .  (22) 

For  an  optically  stable  day,  A  should  be  constant  for 
a  given  angle  from  the  sun.  Thus,  the  sky  radiance  at  a 
constant  3  in  the  solar  almucantar  can  be  used  to 
obtain  the  radiance  transmittance  when  measured 
over  a  large  range  of  air  mass  values  on  an  optically 
stable  day.  A  semilog  graph  of  log[L»*(z,d„d)/m(d,)] 
vs  air  mass  would  be  linear  with  a  slope  of  log  transmit¬ 
tance  and  an  intercept  at  log  A,  see  Fig.  4.  The  trans¬ 
mittance  obtained  from  the  sun  radiance  using  Eq. 

( 19)  and  the  transmittance  obtained  from  the  3ky  radi¬ 
ance  in  the  solar  almucantar  are  then  averaged  to 
obtain  the  most  accurate  value. 

Tashenov1  used  this  method  with  measurements  of 
the  solar  aureole  to  obtain  spectral  transmittance  in 
the  410-735-nm  region. 


O’Neill  and  Miller9  used  this  test  to  indicate  optical 
stability  or  lack  thereof  in  conjunction  with  their  solar 
beam  and  solar  aureole  measurements. 

The  second  test  for  optical  stability  is  to  graph  the 
ratio  [L.*(z,dj,d)/sf(z)]  vs  relative  air  mass  for  a  con¬ 
stant  3.  The  graph  should  result  in  a  straight  line 
going  through  the  origin  on  an  optically  stable  day.  T o 
understand  this,  Eq.  (16)  is  rewritten  in  the  form: 

L‘.lz,S,J)/^(z)  *  mlS,)B.  (25) 

The  B  is  now  the  slope  and  the  intercept  is  zero.  Fig¬ 
ure  5(b)  is  an  example  of  this  test. 

If  the  day  is  optically  stable  a  graph  of  solar  almu¬ 
cantar  radiance  at  a  constant  scattering  angle  vs  air 
mass  will  yield  a  value  of  transmittance  as  follows.  If 
Eq.  (23)  is  written  in  the  form 

L'.(z,S,£)  -  ,c(»)r.(z.0)'m'’,m(«,)B  (26) 

and  differentiated  (only  the  sky  radiance  and  the  air 
mass  are  variables,  the  inherent  3un  scalar  irradiance  B 
and  the  transmittance  are  constant),  it  becomes 

dL'.(z,S,J)  -  a,rC”)T.(j,0)'n',-,dm(»I)[l  +  mlS,)  lnr.U.O)]. 

(27) 

Equation  (27)  is  only  valid  when  the  angle  from  sun  is 
constant,  the  vertical  transmittance  from  space  to  sen- 
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Fig.  4.  Almucantar  radiance  to  air  mass  ratio  vs  relative  optica)  air 
mass  tor  2  Sept.  1964. 
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TEST  ONE  .. 

4  -  45%m 


)  I  :  3  4  5  o 

RELATIVE  OPTICAL  AlRMASS.  m  i  » 


0  12)456 

RELATIVE  OPTICAL  AlRMASS  m  » <*,  ) 

Fig.  5.  Graphs  to  test  atmospheric  optical  stability  for  2  Sept.  196-4. 
filter  1  (mean  wavelength  459  nm):  (a)  test  one,  Eq.  (30);  (b)  test 
two,  Eq.  (32). 
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Fig  6.  Almucantar  sky  radiance  at  55®  vs  vertical  transmittance 
[Eq.  1 28) |  for  2  Sept.  1964,  filter  1  (mean  wavelength  459  nm) 
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sor  is  constant,  and  the  day  is  optically  stable.  Setting 
dL.*UA-,3)  equal  to  zero  and  rearranging  we  get 

InT.i j.Oi  *  - 1  ■m'J,),  1 23) 

where  d is  the  sun  angle  at  the  point  where  L.’fz.t) „J) 
is  a  maximum.  Therefore  a  graph  of  solar  almucantar 
radiance  at  a  constant  angle  from  the  sun  vs  air  mass 
will  increase  and  then  decrease  with  the  maximum  at 
mid,')  when  the  day  is  optically  stable.  Figure  6  is  an 
example  of  this. 

If  the  curve  is  reasonably  well  defined  with  sufficient 
air  mass  values,  a  reasonable  transmittance  value  can 
be  obtained.  It  can  also  be  used  as  a  third  test  for 
optical  stability.  The  values  of  transmittance  ob¬ 
tained  by  means  of  Eqs.  (19),  (21).  and  (28)  should  be 
in  agreement  for  an  optically  stable  day. 

All  the  preceding  equations  are  for  monochromatic 
radiation  but  they  are  reasonably  applicable  to  broad¬ 
band  radiation  for  sensors  in  the  visible  and  very  near 
infrared  portion  of  the  spectrum. 

B.  Method  ot  Determining  Spurious  Sun  Reflections 

Pyaskovskaya-Fesenkova3  also  indicates  that  the 
two  methods  of  checking  for  optical  stability  will  false¬ 
ly  indicate  instability  if  reflections  in  the  radiometer 
telescope  are  not  negligible. 

Conversely,  once  it  is  established  that  the  day  is 
optically  stable,  the  above  tests  for  optical  stability  can 
be  used  to  test  whether  a  sky  radiance  measurement 
contains  spurious  sun  reflection.  Sky  radiances  near 
the  sun  are  difficult  to  measure  unless  the  sun  can  be 
occulted. 

To  illustrate  the  use  of  the  above  tests  for  optical 
stability  and  to  test  for  spurious  sun  reflections  in  a  sky- 
radiance  photometer,  I  have  used  a  set  of  data10  con¬ 
taining  measurements  with  a  solar  transmissometer,  a 
sky  scanner,  and  an  irradiometer.  These  measure¬ 
ments  were  made  from  January  to  September  1964 
from  a  platform  on  the  roof  of  one  of  the  Visibility 
Laboratory  buildings  at  Point  Loma.  The  solar  trans¬ 
missometer  measured  both  the  center  sun  radiance 
and  an  aureole  radiance  0.573°  from  the  sun  center. 
The  general  procedure  was  to  make  a  set  of  measure¬ 
ments  at  each  10°  increment  of  sun  zenith  angle  and  at 
noon. 

The  radiometers  were  fitted  with  four  optical  filters 
so  that  there  were  two  narrow  filtered-sensor  pass- 
bands  and  two  broad  passbands.  The  two  narrow 
passbands  had  mean  wavelengths  of  459  and  661  nm, 
the  photopic  passband  had  a  mean  wavelength  of  560 
nm,  and  a  fourth  broad  passband  represented  an  unfil¬ 
tered  sensor  with  a  mean  wavelength  of  505  nm.  Rela¬ 
tive  spectral  response  curves  for  the  sensor  with  these 
filters  are  given  in  Fig.  7. 

A  graph  of  the  apparent  center  sun  radiance  as  a 
function  of  relative  air  mass  for  the  afternoon  of  2  Sept. 
1964  was  given  in  Fig.  3.  The  straight  lines  for  each 
filter  are  the  result  of  least-squares  fits  to  the  data. 
The  correlation  coefficients  were  high.  20.99,  and  the 
day  is  apparently  optically  stable.  The  least-squares 
transmissions  are  noted  on  the  graph. 
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Standard  spectral  response  for  Visibility  Laboratory  roof¬ 
top  filtered  sensor. 


1.  Solar  Almucantar  at  55° 

To  be  certain  to  have  an  almucantar  sky  radiance 
measurement  without  sun  reflection  problems,  am  an¬ 
gle  from  sun  of  55°  was  chosen.  The  sky  scamner  data 
are  for  a  fixed  set  of  zenith  angles  and  azimuths  (A0 
and  Ao  =  x/32  or  5.625°).  Therefore,  the  almucantar 
radiance  used  is  from  interpolations  to  the  zenith  amgle 
of  the  sum  and  to  the  appropriate  azimuth  for  3  equal 
to  55°.  The  example  is  done  only  for  filter  1  at  a  meam 
wavelength  of  459  nm.  The  almucantar/m(0,)  graph 
vs  air  mass  [Eq.  (21) j  was  given  in  Fig.  4.  The  trans¬ 
mittance  from  the  almucantar  is  0.756  compared  with 
the  transmittance  from  the  center  sun  radiance  of 
0.738  thus  there  is  only  a  2.4%  difference.  The  average 
0.747  is  considered  the  best  measure  of  the  transmit¬ 
tance  if  the  day  is  optically  stable. 

Now,  for  the  three  tests  for  optical  stability.  Al¬ 
though  there  is  no  measure  of  the  solar  scalar  irradi- 
ance  ^(0),  there  is  a  measurement  of  the  center  sun 
radiance  .L.10,0,0)  which  is  related  to  the  scalar  irradi- 
ance  by 

/(0)  -  (29) 

where  D(\)  is  the  center  to  average  sun  radiance  con¬ 
version  factor  or  limb  darkening  factor  for  the  filter 
and  Q,  i3  the  solid  angle  subtended  by  the  sun  for  2 
Sept.  1964.  If  the  center  sun  radiance  is  substituted 
for  the  solar  scalar  irradiance  in  Eq.  (23)  it  becomes 


where 


B‘  -  D<X)U,B. 


Similarly  Eq.  (25)  becomes 

0)  *  rniti^B'  (32) 

Since  D<\)  is  a  constant  for  a  filtered  sensor  and  £1,  is 
constant  for  any  given  day,  the  two  tests  can  now  be 
made  using  Eqs.  ( 30 )  and  ( 32 )  instead  of  Eqs.  ( 23 )  and 
(25). 

Figure  5  contained  the  appropriate  gTaphs  for  the 
two  tests.  Although  not  perfect,  the  data  in  Fig.  5(a) 


are  reasonably  represented  by  a  horizontal  straight 
line.  Similarly,  the  data  in  Fig.  5(b)  are  reasonably 
represented  by  a  straight  line  going  through  the  origin. 

The  third  test  is  a  plot  of  the  almucantar  sky  radi¬ 
ance  graphed  against  exp[-l/m(0s)]  from  Eq.  (28)  as 
shown  in  Fig.  6.  The  maximum  sky  radiance  should  lie 
at  a  transmittance  of  ~0.75.  Although  the  noon  value 
of  sky  radiance  is  inconsistent  with  the  rest  (hooks 
upward  near  air  mass  1 ) ,  and  there  are  no  measured  sky 
radiances  at  the  exact  0/,  the  sky  radiances  can  be 
reasonably  represented  by  a  curve  which  maximizes  at 
a  transmittance  of  0.75  (dashed  line). 

It  can  be  seen  that  the  atmosphere  on  2  Sept.  1964  in 
the  vicinity  of  the  Visibility  Laboratory  was  optically 
stable.  This  is  apparent  even  though  the  almucantar 
sky  radiances  were  interpolated.  Thus  it  appears  in¬ 
terpolation  is  a  valid  method  for  obtaining  almucantar 
values  for  use  in  the  preceding  equations. 

Now  that  it  is  established  that  the  day  is  optically 
stable,  these  same  equations  will  be  used  to  test  for  sun 
reflections  in  the  solar  aureole  photometer. 

2.  Aureole  Radiance 

The  solar  aureole  radiance  was  measured  0.573° 
from  the  center  of  the  sun  without  occulting  the  sun. 
A  graph  of  the  ratio  of  the  apparent  aureole  radiance/ 
relative  air  mass  vs  air  mass  is  shown  in  Fig.  8.  (There 
are  no  aureole  data  for  filter  4. )  The  data  for  the  three 
filters  look  reasonably  linear  and  the  correlation  coef¬ 
ficients  are  0.99.  However,  the  least-squares  trans- 
mittances,  which  are  noted  on  the  graph,  vary  marked¬ 
ly  from  the  values  derived  from  the  sun  radiance  and 
the  almucantar  at  55°  scattering  angle. 

The  two  tests  for  spurious  sun  reflection  using  Eqs. 
(30)  and  (32)  fail  miserably,  see  Figs.  9(a)  and  (b).  In 
Fig.  9(a)  the  B'  increases  dramatically  as  air  mass  gets 
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Fig.  3.  Aureole  radiance  to  air  mass  ratio  vs  relative  optical  air  mass 
for  2  Sept.  1964. 
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Fig.  9.  Graphs  to  test  for  spurious  sun  reflections  in  aureole  radi¬ 
ance  measurements,  2  Sept.  1964:  (a)  test  one,  Eq.  (30);  (b)  test  two, 
Eq.  (32). 


TEST  THREE 

l  SYM  FILTER 

*E4 1-  j  i  «5< 

I  *  :  yn 

I  J  i  560 


I _ 1 _ I _ 1 _ I _ I 

0  0:0  0  40  0  60  0  80  1  00 

VERTICAL  TRANSMITTANCE 
IF  T.'O.Ol  -  EXPI -I  mujl 


Fig.  10.  Solar  aureole  radiance  vs  vertical  transmittance  (Eq.  (28)| 
for  2  Sept.  1964. 


near  1  instead  of  staying  constant.  In  Fig.  9(b)  the 
data  can  be  fit  to  straight  lines  but  they  clearly  do  not 
go  through  the  origin. 

The  final  test  is  the  graph  of  the  solar  aureole  radi¬ 
ance  as  a  function  of  exp(-l/m(0,)j  as  shown  in  Fig.  10. 
The  aureole  peaks  at  transmittances  still  lower  than 
the  values  derived  using  the  aureole  and  noted  in  Fig. 
8.  The  transmittances  from  Eqs.  (19),  (21),  and  (28) 
are  clearly  not  in  agreement.  Thus  it  is  apparent  that 
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the  solar  aureole  measurements  include  a  spurious  sun 
reflection  component  in  all  three  filters. 

Any  sky  radiance  measurement  made  near  the  sun 
without  occultation  of  the  sun  may  be  questionable 
and  should  be  tested  in  some  fashion.  The  above 
method  is  a  valid  testing  procedure. 

IV.  Aerosol  Optical  Thickness 

The  word  aerosol  is  used  herein  to  describe  the  liq¬ 
uid  and/or  solid  particulates  exclusive  of  the  gas  phase 
in  which  they  are  embedded.  This  is  consistent  with 
Prospero  et  al.n  Levshits  and  Pavlo2  developed  a 
method  for  obtaining  aerosol  optical  thickness.  A 
shorter  method,  applicable  to  a  larger  range  of  sun 
zenith  angle  and  requiring  fewer  measurements,  was 
developed  based  on  many  of  the  same  assumptions. 
Therefore  we  will  review  the  long  method  in  detail. 

A.  Long  Method  of  Obtaining  Aerosol  Optical  Thickness 

The  basic  equation  for  the  sky  radiance  in  the  solar 
almucantar  Eq.  (16)  can  be  rewritten  substituting  in 
Eq.  (17)  and  expressing  the  optical  thickness  function 
in  two  components,  the  Rayleigh  or  molecular  rt^(zJ) 
and  the  Mie  or  aerosol  \rr,(z,S): 

i i{zj)  »  sr,(z,3)  +  wr„u,3)  +  J  Ctzidz.  (33) 

If  the  almucantar  has  a  large  enough  range  of  scat¬ 
tering  angles  from  the  sun,  both  sides  of  Eq.  (33)  can  be 
integrated  over  4t  and  Eq.  (13)  substituted  in  to  ob¬ 
tain 


•T 

.0 


2r  u(zj)  sinddd 


Rtm(z)  +  „£.,(*>  +  2» 


Clz)dz  sinddd. 

(34) 


where  st„(z)  is  the  Rayleigh  optical  thickness  and 
.vft-(z)  is  the  aerosol  optical  thickness.  The  last  term 
in  both  Eqs.  (33)  and  (34)  is  the  diffuse  component  due 
to  the  contribution  of  the  relatively  nondirectional 
sky,  apparent  terrain  radiance,  and  emission.  In  this 
section,  all  the  equations  up  to  this  point  are  not  ap¬ 
proximations.  They  hold  for  an  atmosphere  with  or 
without  absorption  and/or  emission  and  thus  are 
equally  as  valid  in  the  infrared. 


1.  Visible  Portion  of  Spectrum 
Livshits  and  Pavlov2  make  several  assumptions  ap¬ 
propriate  for  the  visible  portion  of  the  spectrum.  The 
almucantar  sky  luminance  or  radiance  for  90-180° 
scattering  angles  is  assumed  to  be  essentially  a  func¬ 
tion  of  the  Rayleigh  optical  thickness  function  and  the 
diffuse  component.  They  also  assume  that  the  diffuse 
component  is  the  same  for  0-90°  as  it  is  for  90-180° 
scattering  angle.  This  assumes  homogeneity  in  the 
almucantar  and  thus  is  limited  to  cloudless  skies.  It 
follows  that,  since  the  Rayleigh  scattering  is  symmetri¬ 
cal  about  90°, 


tiizj)  sm ddd 


*£.(*>  +  2t  f 

Jo  J- 


Clzidz  sinddd  '351 


Also  it  follows  that  the  aerosol  optical  thickness  is  the 
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integral  of  the  forward  portion  of  the  function  less  the 
integral  of  the  back  portion 

=  uu.J)  iinJuJ  -  tr  siruidJ.  '361 

Livshits  and  Pavlov-  also  obtained  the  total  optical 
thickness  from 

-v-'  =  *  j.’.ii).  '37) 

where  2t  »ui  is  the  optical  thickness  due  to  absorption. 
They  obtain  the  Rayleigh  thickness  theoretically  and 
assume  the  absorption  is  primarily  due  to  ozone  in  the 
visible  wavelengths.  Ozone  absorption  was  assumed 
to  be  the  yearly  average  value  for  a  given  wavelength. 
They  obtained  good  comparisons  to  total  optical  thick¬ 
ness  values  obtained  with  the  Langley  or  Bouguer 
method  for  short  wavelengths  where  there  are  no  other 
absorption  bands.  They  did  not  compare  as  well  at  the 
longer  wavelengths.  I  suspect  the  presence  of  absorp¬ 
tion  from  sources  other  than  ozone  in  the  longer  wave¬ 
lengths  in  the  visible  rather  than  an  error  in  the  aerosol 
optical  thickness  was  responsible  for  the  discrepancy. 

The  disadvantage  of  Eq.  (36)  is  the  need  for  a  large 
sun  zenith  angle  so  that  a  large  range  of  scattering 
angles  is  available  in  the  solar  almucantar. 

B.  Short  Method  of  Obtaining  Aerosol  Optical  Thickness 

1.  Scattering  Angle  55° 

The  ratio  of  the  volume  scattering  function  at  55°  to 
the  total  scattering  coefficient  is  1/(4t)  for  Rayleigh 
scattering.  It  is  also  a  reasonable  approximation  for 
the  total  scattering.13  Therefore,  it  must  also  be 
l/(4ir)  for  aerosol  scattering: 

fjfflj.ool/ffo’m  *  <rtz.5o)/sizl  ■  yffu.ooi'youi  »  1,(4»).  1 38 i 

Thus,  the  ratio  of  the  optical  thickness  function  at  55° 
to  the  optical  thickness  must  be  l/(4ir )  for  each  compo¬ 
nent  as  well  as  for  the  total  scattering 

Rr.u.5o)/Rcj:i  ■  rm  12,55)/, t.tzl 

»  *r.U.55)/wt.ul  »  1,  (4ri.  (39) 

Now  the  optical  thickness  function  can  be  expressed  in 
terms  of  the  aerosol  optical  thickness  by  rearranging 
Eq.  (39): 

t,r.lz.55l  *  y/l.ut/tiri.  <401 

Using  the  same  rationale  as  Livshits  and  Pavlov,2 
the  90-180°  angles  in  scattering  angle  describe  the 
diffuse  and  Rayleigh  components  for  the  0-90°  angles. 
It  can  thus  be  said  that 

uU.  .S0-5.il  =*  ,r,u.55i  4-  |  Clzldz.  (41) 

Writing  Eq.  (.33)  in  terms  of  the  scattering  at  55°,  we 
get 

tfiz.55)  ”  wr_(z,55)  +  sr.(z, 55)  +j  Ozidz.  (42) 

Subtracting  Eq.  (41)  from  Eq.  (42), 


.431 

Now  combining  with  Eqs.  (40)  and  (43)  we  get 

Mt„U)  =  4n-((ilz,55)  -  '44' 

The  solar  almucantar  contains  both  55°  and  125° 
scattering  angles  for  sun  zenith  angles  from  62.5°  to 
90°.  Thus,  for  these  solar  zenith  angles,  measure¬ 
ments  of  the  scalar  sun  irradiance  and  sky  radiances  in 
the  solar  almucantar  at  55°  and  125°  from  the  sun 
would  yield  a  value  for  the  aerosol  optical  thickness 
through  the  atmosphere.  As  long  as  the  sky  radiance 
distribution  shows  brighter  areas  from  0°  to  90°  than 
from  90°  to  180°,  this  scheme  will  work.  Equation 
(44)  also  applies  when  atmospheric  emission  is  pre¬ 
sent,  as  long  as  the  emission  does  not  swamp  out  the 
directional  scattering  effects. 

2.  Alternate  Expression 

An  alternate  equation  can  be  developed  for  obtain¬ 
ing  the  aerosol  optical  thickness  from  sky  radiances 
when  no  sun  scalar  irradiance  measurement  is  avail¬ 
able.  Substituting  Eq.  (17)  into  Eq.  (44)  and  rearrang¬ 
ing,  it  becomes 

*/.U)  ”  4t[L^(z.S,,55c3)  -  Ll(z.S„125i5)]/[Jc(z)miS,)].  145) 

The  sun  scalar  irradiance  can  be  obtained  from  the 
average  sun  irradiance  out-of-the  atmosphere  yc(  <*> )  by 

,r<z>  =»  /(“ir.iz.OPW.MiA/i?)2  (46) 

where  \p  is  the  solar  diameter  for  that  date  and  i  the 
average  solar  diameter.  Also  the  total  transmittance 
can  be  expressed  as  a  function  of  the  component  opti¬ 
cal  thicknesses  from  Eq.  (37): 

T.(z.O)  “  expj— st.(z)  -  Mt.U)  -  or,(z)).  (4?) 

Substituting  Eqs.  (46)  and  (47)  into  Eq.  (45)  and 
rearranging  we  get 

«t.(z)  exp(-wt.(z)m<#,))  -  4ir/[L;(z.0,,55d)  -  L;(z,tf,,125J) 

exp|-/nl0,)(si.iz)  +  ,f.izl||]. 

(48) 

Equation  (48)  cannot  be  solved  directly  for  the  aerosol 
optical  thickness  but  by  iterative  means  it  is  readily 
solved.  It  assumes  a  reasonable  estimate  of  absorp¬ 
tion  optical  thickness  can  be  made  (such  as  assuming 
only  ozone  absorption  in  the  visible)  or  that  a  value  can 
be  obtained  through  use  of  Program  LOWTRAN13  at 
other  wavelengths. 

3.  Validation  Studies 

The  two  methods  of  obtaining  the  total  optical 
thickness  and  hence  transmittance  from  solar  almu¬ 
cantar  sky  radiances  at  55°  and  125°  using  Eqs.  '45) 
and  (48)  with  Eq.  (37)  were  tested  using  the  1964 
Visibility  Laboratory  rooftop  data  previously  de¬ 
scribed  in  Sec.  III.B. 

The  scanner  radiance  grid  included  almucantar 
measurements  within  ±0.7°  for  all  four  filters  for  the  2 
Sept.  1964  nominal  70°  sun  zenith  angle  data  pack¬ 
ages.  The  solar  transmissometer  value  of  transmit- 
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tance  was  used  in  Eq.  (46)  to  obtain  the  value  of  scalar 
sun  irradiance  ,-c(  2)  for  us  3  in  Eq.  i45). 

The  values  of  the  scalar  sun  irradiance  out -of -the 
atmosphere  ,21®),  the  Rayleigh  vertical  radiance 
transmittance,  and  the  ozone  optical  thickness  are  giv¬ 
en  in  Table  I  for  each  filter.  The  solar  irradiances  out- 
of-the  atmosphere  are  based  on  the  spectral  solar  irra¬ 
diance  values  of  Johnson.14  The  Rayleigh  space-to- 
earth  radiance  transmittances  are  based  on  the 
spectral  total  volume  scattering  coefficients  from  Eq. 
(14)  of  Penndorf,13  the  refractive  modulus  from  the 
dispersion  formula  of  Edlen,16  and  the  sea  level  scale 
height  for  the  U.S.  Standard  Atmosphere  1976. 17  The 
ozone  optical  thicknesses  are  based  on  the  total  ozone 
for  the  U.S.  Standard  Atmosphere  1976  and  the  spec¬ 
tral  absorption  values  of  Vigroux18  which  are  in  good 
agreement  with  the  Inn  and  Tanaka19  values. 

The  total  optical  thickness  f.(0)  and  total  transmit¬ 
tance  r»(0.0)  from  the  solar  transmissometer  are  given 
for  each  filter  in  Table  II.  The  ratio  of  the  optical 
thickness  [derived  using  Eq.  (45)]  to  the  solar  trans¬ 
missometer  value  is  given  in  column  4,  and  the  ratio  for 
eq.  1 48)  in  column  5.  Similarly,  the  ratio  of  the  derived 
transmittances  to  measured  values  are  given  in  col¬ 
umns  7  and  8,  respectively.  The  values  compare  well 
for  the  first  three  filters  and  less  well  for  filter  4  with  a 
mean  wavelength  of  661  nm,  although  even  there  the 
transmittances  are  within  2%.  Livshits  and  Pavlov2 
similarly  found  closer  comparisons  at  the  shorter  wa¬ 
velengths  for  monochromatic  measurements. 


Thus,  the  shorter  method,  using  the  almucantar  at 
55°  and  125°  with  or  without  am  independent  sun 
irradiance  measurement,  appears  to  be  valid  for  nar¬ 
rowband  and  broadband  sensors  in  the  visible  spec¬ 
trum. 

The  alternate  equation  [Eq.  (48)]  is  particularly  use¬ 
ful  with  airborne  scanner  data  where  independent 
meaisurements  of  sun  irradiance  are  not  available. 

Since  this  is  an  approximative  method,  the  resultant 
aerosol  optical  thickness  precision  may  not  be  high, 
but  the  resultant  transmittances  have  high  precision 
as  can  be  seen  in  Table  II.  The  method  requires  an 
unobscured  sun  and  cloud-free  sky  at  55°  and  125° 
from  the  sun  in  the  almucantar. 

V.  Summary 

Solar  almucantar  sky  radiances  have  special  charac¬ 
teristics  which  make  them  useful  for  a  variety  of  tasks. 
A  basic  equation  for  the  solar  almucantar  is  derived 
which  indicates  it  is  a  function  of  the  solar  scalar 
irradiance,  the  optical  air  mass,  the  optical  thickness 
function  and  one  additive  component  containing  the 
contribution  of  the  sky,  the  apparent  terrain  radiance, 
and  the  emission. 

On  optically  stable  days,  solar  almucantar  radiances 
measured  throughout  the  day  at  a  set  angle  from  the 
sun  can  be  used  to  obtain  vertical  radiance  transmit¬ 
tance  (total  optical  thickness)  but  the  radiometer  must 
be  free  of  internal  reflections  from  the  sun.  Converse¬ 
ly,  if  the  day  is  optically  stable,  these  same  solar  almu- 
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cantar  radiance  measurements  can  be  used  to  deter¬ 
mine  it  the  radiometer  is  tree  of  internal  reflectance 
problems  or  at  what  scattering  angles  they  occur. 

Finally,  measurements  made  in  the  solar  almucantar 
at  scattering  angles  from  the  sun  of  55°  and  125°  can  be 
used  to  obtain  a  value  for  the  aerosol  optical  thickness. 
This  latter  method  can  be  used  with  or  without  a 
simultaneous  measurement  of  the  sun  radiance  or  irra- 
diance. 


This  work  was  performed  by  the  author  at  the  Visi¬ 
bility  Laboratory'.  L'niversity  of  California  San  Diego, 
for  the  United  States  Air  Force.  The  writing  and 
publication  of  this  article  was  done  at  Viz.  Ability 
urder  U.S.  Army  Research  Office  contract  DAAG29- 
34-C-0014.  I  wash  to  thank  Judith  Olson  for  technical 
editing  assistance. 
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The  equation  of  transfer  for  radiance  as  it  relates  to  a  scattering,  absorbing,  and  emitting  medium  is  integrated  with 
angle  to  obtain  equations  of  transfer  for  irradiance  and  scalar  inradiance.  These  equations  are.  in  turn,  integrated 
with  respect  to  altitude.  One  major  implication  is  that  a  measurement  of  the  4*  radiance  distnbution  at  two 
altitudes  in  the  atmosphere  can  yield  a  measure  of  absorption.  Another  implication  is  that  there  is  an  emission  term 
in  the  irradiance  equation  but  not  in  the  scalar- irradiance  equation  of  transfer. 


INTRODUCTION 

Early  work  in  radiative  transfer  and  the  equation  of  trans¬ 
fer'1  generally  lacks  detailed  specification  of  the  separate 
roles  of  scattering,  absorption,  and  emission  as  they  relate  to 
the  atmosphere  in  the  visible  and  the  near-infrared  wave¬ 
lengths.  Also,  there  appears  to  be  no  general  development 
and  integration  of  the  equation  of  transfer  for  scalar  irradi¬ 
ance. 

This  paper  will  deal  with  the  basic  monochromatic  equa¬ 
tion  of  transfer  as  it  relates  to  radiance.  It  will  detail  the 
roles  of  scattering,  absorption,  and  emission  as  they  relate  to 
the  atmosphere  in  the  visible  and  the  near-infrared  wave¬ 
lengths.  This  will  be  followed  by  integration  of  the  equation 
of  transfer  with  angle  to  obtain  the  equations  of  transfer  for 
irradiance  and  scalar  irradiance.  The  basic  equations  deveL 
oped  herein  are  for  monochromatic  radiation.  Applicability 
to  radiation  for  broadband  sensors  will  be  discussed  where 
appropriate. 

The  exact  partial  solution  and  the  approximate  full  solu¬ 
tion  for  integrating  the  equation  of  transfer  for  irradiance 
with  altitude  will  be  given.  This  solution  is  then  used  to 
evaluate  a  set  of  data  for  internal  consistency  and  to  obtain  a 
measure  of  the  absorption  optical  thickness  for  a  broadband 
sensor  in  the  visible  portion  of  the  spectrum  for  a  5.8-km- 
altitude  interval  in  the  troposphere.  The  data  are  part  of  a 
large  body  of  hitherto  unpublished  data.  They  are  used 
herein  for  illustrative  purposes  only. 

The  exact  partial  solution  and  an  approximate  full  solu¬ 
tion  for  integrating  the  equation  of  transfer  for  scalar  irradi¬ 
ance  are  also  given  along  with  examples  of  the  magnitude 
and  the  form  of  the  two  radiance  distribution  functions  in 
the  equations. 

The  notation  used  is  that  adopted  by  the  Visibility  Lab¬ 
oratory.  University  of  California,  San  Diego,1  and  modified 
to  correspond  to  Optical  Society  of  America  recommenda¬ 
tions  in  Sec.  1  of  Ref.  4.  The  integrals  for  solid  angle  will  be 
expressed  primarily  in  single- integral  form  for  simplicity. 
Double  integrals  using  two  planar  angles  will  be  added  occa¬ 
sionally  for  further  clarification. 

EQUATION  OF  TRANSFER  FOR  RADIANCE 
Equation 

The  most  basic  equation  in  radiation  theory  is  the  equation 
of  transfer  |Eq.  1 10)  of  Ref.  1:  Eq.  (3).  Sec.  3.15  of  Ref.  2;  and 
Eq.  1 4f>)  ol  Ref.  3|: 


d L(z,  9,  0)/d r  “  -a (z)L(z.  9,  <j>)  +  L.(z.  9.  0).  (1) 

This  equation  relates  the  differential  change  in  radiance 
dLlz.  9.  0)  at  altitude  z  for  the  path  of  sight  at  zenith  angle  9 
and  azimuth  o.  over  the  differential  path  length  dr  to  the 
attenuation  coefficient  a(z),  the  radiance  Liz.  9.  0),  and  the 
path  function  L.(z,  9,  0). 

The  differential  path  length  dr  is  always  nonnegative,  as  is 
the  incremental  path  length  Ar.  In  the  plane-parallel  case 
(and  in  the  curved-Earth  case  for  paths  of  sight  at  zenith 
angles  9  »  0°-70°  and  110o-180o)  the  incremental  path 
length  Ar  is  defined  as 

Ar  •  Az  secfl.  (2) 

The  A z  is  defined  as  zi  -  22  (the  subscripts  increase  in  the 
flux  direction);  see  Fig.  1. 

The  attenuation  coefficient  is  the  sum  of  the  total  scatter¬ 
ing  coefficient  s(z)  plus  the  absorption  coefficient  a(z): 

a(z)  ■  s(z)  +  a(z).  (3) 

The  path  function  is  the  sum  of  a  scattered  component  and 
an  emitted  component: 

L.U,  9,  0)  ■  L.,(z,  9,  0)  +  L.,(z).  (4) 

The  emitted  component  is  isotropic  and  hence  is  shown 
without  direction  modifiers. 

Roles  of  Scattering,  Absorption,  and  Emission 

Scattering 

The  scattering  coefficient  has  two  components.  Rayleigh  or 
molecular  scattering  is  highly  wavelength  dependent  since  it 
is  proportional  to  the  inverse  fourth  power  of  the  wave¬ 
length,  X”4.  Mie  or  aerosol  scattering  is  less  wavelength 
dependent.  Both  tend  to  be  smooth  continuous  functions 
with  wavelength. 

The  word  “aerosol”  is  used  herein  to  describe  liquid 
and/or  solid  particulates  exclusive  of  the  gas  phase  in  which 
they  are  embedded.  This  is  consistent  with  Ref.  5. 

The  scattering  path  function  is  the  integral  of  the  incom¬ 
ing  radiance  L(z.  S',  0')  in  all  4w  directions  (including  the 
Sun.  where  appropriate)  times  the  volume  scattering  func¬ 
tion  o{z,  J): 

L.,(z.9,0)mf  L(z,  S’,  0')a(z,  d)dfl 


Hz,  9',  0')o{z,  d)sin  9,d9'd0'.  (5) 
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Fig.  1.  Incremenial  path- length  geometry  for  upward  and  down¬ 
ward  paths  of  sight,  .ir  »  Ui  -  r2)sec  0.  A,  Upward  path  of  sight  (0 
<  90°).  with  flu*  downward;  B,  downward  path  of  sight  (0  >  90°), 
with  flux  upward. 


The  scattering  angle  J  is  a  function  of  the  incoming-radiance 
direction  angles  9',  ©'  and  the  sensor  direction  angles  9,0  as 
follows; 


cos  d  ■  sin  9  sin  S'  cost  o'  —  0)  +  cos  9  cos  S'.  (6) 

The  integral  of  the  volume  scattering  function  over  4r  is  the 
total  scattering  coefficient 

s(r)  -  [  j(r,  (j)dH  ■  2r  f  a(z,  3) sin  ddd-  (7) 

Mr  Jo 


Absorption  and  Emission 

Atoms  and  molecules  in  the  gas  phase  absorb  and  emit  in 
line  and  band  spectra.  The  atomic  spectra  are  line  spectra 
and  tend  to  be  at  the  shorter  wavelengths.  The  band  spec¬ 
tra  are  molecular  and  tend  to  be  at  the  longer  wavelengths. 
The  continue  are  essentially  part  of  the  band  spectra,  weak 
but  broad  spectrally. 

Molecules  in  the  liquid  or  the  solid  phase  cannot  emit  in 
line  or  band  spectra  but  can  emit  only  in  a  continuous  spec¬ 
trum,  the  distribution  of  which  is  determined  by  the  ambi¬ 
ent  temperature,  in  other  words,  as  a  blackbody  or  a  gray- 
body  (incomplete  radiator).  This  implies  that  the  absorp¬ 
tion  spectrum  for  liquids  and  solids  is  also  continuous  spec¬ 
trally. 

The  atmosphere  is  a  mixture  of  gas  and  aerosol.  Thus  it 
absorbs  and  emits  as  a  spectral  colored  body 

Emission  Mechanisms.  The  principal  emission  mecha¬ 
nisms  above  the  mesosphere  are  electroluminescence  and 
chemiluminescence  resulting  in  line  and  band  spectra 
These  emissions  are  called  airglow.  These  are  important  in 
the  visible  part  of  the  spectrum  at  twilight  and  at  night  but 
will  not  be  dealt  with  herein. 

The  principal  emission  mechanism  in  the  troposphere  and 
in  the  atmosphere  at  or  below  the  mesosphere  is  tempera¬ 
ture  radiation,  which  is  photon  emission  caused  by  atomic  or 
molecular  collision.  The  atmosphere  is  assumed  to  be  in 
local  thermodynamic  equilibrium;  hence  Kirchhoffs  law  ap¬ 
plies. 

The  path  function  resulting  from  thermal  emittance  is 
thus  (Eq.  (38)  of  Ref.  3] 


L.,(z)  *  L.,(z)  ■  a(z)L{\,  73, 


(8) 


where  U  X,  73  is  the  blackbody  radiance  at  wavelength  X  and 
T  is  the  temperature  in  degrees  Kelvin.  A  blackbody  in 


& 


thermodynamic  equilibrium  absorbs  and  emit  -  ,i>  j  vcntinu  • 
ous  function  of  wavelength  and  temperature  according  to 
the  classical  equation.'' 

Emission  :n  :>ic  Visible  Spectrum .  Blackt><«l\  radiance 
and  hence  emittance  is  negligible  in  ’he  si-inie  -pe.  ’r  iin 
Even  at  1  am  at  5ih>  K  1  J73l'  or  m  i°F  1.  the  black  hod  v  rani 
ance  L  '1  am.  Ulti  Ki  is  1Tb  x  in-  W  am  At  shorter 
wavelengths  ( all  the  visible  wavelengths  1  and. or  lower  tem¬ 
peratures  (the  normal  range  of  temperature  below  the  meso¬ 
sphere),  the  thermal  emittance  is  still  less.  Hence  for  the 
visible  spectrum  Eq.  (4)  becomes 

L.iz,  9,  0)  ■  L.,(z,  9.  0).  (9) 


INTEGRATING  THE  EQUATION  OF  TRANSFER 
WITH  ANGLE 


Definition  of  Multiangle  Terms 

Irradiance 

The  downwelling  irradiance  Eiz,  d)  is  defined  as  the  integral 
of  the  radiances  from  zenith  angles  0°-90°  weighted  by  the 
cosine  of  the  zenith  angle 


Eiz,  d )  ■  Hz,  9,  0)cos  0di) 
ht 

Jr2»  rwt 2 

Liz ,  9 ,  0)cos  9  sin  9d9d0. 

0  Jo 


(10) 


Similarly,  the  upweiling  irradiance  Eiz,  u)  is  computed  for 
angles  90°  to  180°  by  using  the  cosine  of  the  nadir  angle  ( 180 
-  9).  These  are  the  irradiances  on  a  flat  surface  oriented  to 
receive  the  downward  and  the  upward  radiances,  respective¬ 
ly 

The  albedo  A(z)  is  defined  as  the  ratio  of  the  upweiling  to 
the  downwelling  irradiance. 

A(r)  ■  Eiz,  u)/E(z,  d).  (11) 


pfr-i 
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Scalar  Irradiance 

A  second  type  of  irradiance  is  the  scalar  or  nondirectional 
irradiance  in  which  the  cosine  term  is  not  present.  The  total 
scalar  irradiance  e(z)  is  defined  as 

i(z)  m  [  Liz,  9,  0)d(I  ■  [  [  Liz,  9,  0)sir  9d9d0.  (12) 

Mr  Jo  Jo 

The  scalar  albedo  >A(z )  is  similarly  the  upweiling  divided  by 
the  downwelling  scalar  irradiance 


,Aiz)  *  f(z,  u)/tiz.  d).  (13) 


Scalar  Exitance  (Emittance} 

Exitance  (emittance)  M  is  defined  with  the  cosine  term 
similar  to  the  irradiance  in  Eq.  ( 10).  Let  us  define  a  second 
type  of  exitance  as  the  scalar  or  nondirectional  exitance  in 
which  the  cosine  term  is  not  present.  The  scalar  exitance 
that  is  due  to  absorption  m(X,  73  is  defined  as 

miX.  73  -  L(X,  73  (  dll  -  4xZ.(X,  73.  (14) 

Mr 

Scalar  exitance  per  length  m-U)  is  the  unweighted  integral 
over  4*  of  the  path  function 


'.‘-*.1 


1-  *• 


J 


At  dksCm  »■  *•  k-  *+• 
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When  the  scattering  path  ['unction  is  integrated  over  4x  it 
can  be  expressed  as  a  double  integral  by  substituting  in  Eq. 

>  5i: 

m.,U)  ■  I  I  Liz,  O',  cp'Mz,  3)dfldfl 

J4r  Jiw 

-rnrr--™ 

x  sin  8/d0'd<»'jsin  8d0d<p.  (16) 

Since  Eq.  ( 16)  is  a  double  integral  in  which  the  paths  of  sight 
8,  o  vary  over  4x  and  the  incoming  radiances  8',  o'  also  vary 
over  4ir,  each  radiance  Liz,  8',  0')  will  be  multiplied  by  aiz,  3) 
over  4r  for  all  3.  Therefore  Eq.  (16)  can  be  expressed  as 

m.,(z)  »  j  j  L(z,  S’,  <tf)  ^2t  |  i t(z,8) 

X  sin  ddd  sin  8'd8'd0’.  (17) 

Substituting  in  Eq.  (7)  and  taking  it  out  of  the  integral,  we 

get 

m.,iz)  •  »  [  L(z,  S',  <S')dQ.  (18) 

J4w 

Now  Eq.  (12)  can  be  substituted,  and 

m.,(z)  -  s(z)«(z).  (19) 

Since  the  path  function  resulting  from  absorption  is  iso¬ 
tropic.  the  scalar  exitance  resulting  from  absorption  is 

m.,(z)  «  4ra(z)L(A,  T)  ■  a(z)m(A,  T).  (20) 


Equation  of  Transfer  for  Irradiance 
The  equation  of  transfer  for  radiance  can  be  used  to  obtain 
the  equation  of  transfer  for  irradiance  by  integrating  over 
4x.  In  the  plane- parallel  case,  similar  to  Eq.  (2),  the  differ¬ 
ential  path  length  dr  is  expressed  as 

dr  •  dz  sec  8.  (21) 

Now  let  us  rewrite  Eq.  (1)  in  terms  of  the  separate  compo¬ 
nents  of  absorption,  scattering,  and  emission  and  express  the 
incremental  path  length  in  terms  of  Eq.  (21);  thus 

cLL(z,  8,  <t)coB  8/dz  ■  -aiz)Liz,  8,  <t )  -  s(z)L(z,  8,  <t ) 

+  L.,(z,  8,  <t)  +  L.„(z).  (22) 

Multiplying  both  sides  by  d(l  and  expressing  both  sides  as  an 
integral  over  4*\  we  get 

dj  Liz,  8,  ip)cos  8df2/dz  ■  -a(z)  j  Hz,  8,  0)d(l  -  siz) 

Jit  I4w 


This  can  be  simplified  by  using  Eqs.  i  Id.  1 12).  1 19i.  and  ■  20 1. 
The  middle  two  terms  drop  out.  and  Eq.  i2:5>  becomes 

d(£lz.  d)  -  £lc.  u  )|,  dc  =  — aizinzi  +  aic  >mi  \.  TV  1 24 1 

This  is  the  equation  for  the  net  irradiance  Eiz.ai  —  Eiz.ui 
change  with  altitude.  Let  us  define  ;Ui  as  the  net  irraai- 


{(z)  -  E(z,d)  -  E(z,u).  (25) 

Equation  (24)  can  now  be  written  as 

d£(z)/dz  «  a(z)[m(A,  T)  -  dz)|.  (26) 

Note  that  Eq.  (26)  still  has  an  emittance  term  m(\,  T). 
The  fourth  term  in  Eq.  (23)  did  not  drop  out.  At  longer 
wavelengths,  such  as  in  the  infrared,  the  emittance  makes  an 
important  contribution  to  the  net  irradiance.  It  ameliorates 
the  loss  that  is  due  to  absorption. 

Visible  Spectrum 

In  the  visible  spectrum  where  L(\,  T)  and  hence  m(\,  71  are 
negligible,  Eq.  (26)  can  be  written  as 

d£(z)/dz  -  -a(z)((z).  (27) 

Equation  (27)  is  the  same  as  Eq.  (56),  Chap.  I  of  Ref.  3  and 
Eq.  (10),  Sec.  1.2  of  Ref.  2,  since  the  altitude  differential  dz 
as  one  descends  in  the  atmosphere  is  the  negative  of  the 
depth  differential  dd  into  the  medium. 

T^e  net  irradiance  either  stays  constant  with  altitude, 
indicating  no  absorption,  or  decreases  as  altitude  decreases. 
This  can  be  used  as  a  test  for  the  internal  consistency  of 
visible-spectrum  data. 

Equation  of  Transfer  for  Scalar  Irradiance 
An  expression  for  scalar  irradiance  can  also  be  derived  from 
Eq.  (22)  if  we  first  multiply  both  sides  by  sec  8: 

d Liz,  8,  <t)!dz  m  —aiz)L(z,  8,  <$)sec  8  -  siz)Liz,  8,  8>)sec  8 
+  L.,iz,  8,  <*)sec  8  +  L.a(z)sec  8.  (28) 

Again,  by  multiplying  both  sides  by  dO  and  expressing  both 
sides  as  an  integral  over  4t,  we  get 

d  [  Hz,  8,  c&ldQ/dz  -  -a(z)  [  Liz,  8,  <$)sec  8dil  -  s(z) 

Jiw  T 

X  j  Liz,  8,  olsec  8dU  +  L.,(z,  8.  ®) 

J4w  J4r 

X  sec  8d£l  4-  L.  (z)  (  sec8dQ.  (291 


x  Liz,  8,0) d0  + 


L.,iz,  8, 

«• 


4)d0  +  L.Az)  dfi. 


The  middle  two  terms  on  the  right-hand  side  of  Eq.  (29) 
do  not  cancel  each  other  as  they  did  in  Eq.  (23).  But.  since 
sec(x  -  8)  ■  -sec  8,  f4r  sec  8dtl  ”  0,  and  the  fourth  term 
drops  out.  Now,  substituting  in  Eq.  (12)  and  dividing  the 
third  term  by  j(z),  Eq.  (29)  can  be  written  in  terms  of  the 
change  in  scalar  irradiance  with  altitude  as 


•\wVy- j»’>  **■ 


®  TJ  T3 
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d<i;i  dz  =  —  at .1  J  Liz.  J.  oisec  9dl2 

- 


-  N'l  '  ) 


I  Liz.».  oisec^d'd 


-j  L.s\z.  9.  oisec  ddfi/siz) 

lit 


(301 


In  order  to  simplify  Eq.  (30),  let  us  define  two  new  functions. 


Radiance  Distribution  Function 

The  first  new  function  is  the  radiance  distribution  function 
Diz).  It  is  a  seminormalized  function  of  the  4x  radiance 
distribution  at  altitude  z: 


Diz) 


Liz,  9.  </>)sec  #dQ/f(z). 


(31) 


Dividing  by  the  scalar  irradiance  <(z)  makes  the  function 
unitless.  An  alternative  way  of  expressing  Eq.  (31)  is  to 
separate  out  the  Sun  term  ,«(z)  and  to  express  the  more 
diffuse  radiances  as  a  radiance  difference  (sky  minus  ter¬ 
rain!: 


Thus  the  change  in  scalar  irradiance  with  altitude  is  a  func¬ 
tion  of  both  the  absorption  and  the  scattering  coefficients, 
the  radiance  distribution,  and  the  shape  of  the  proportional 
volume  scattering  function  /n  J!  sin. 

Examples 

We  can  explore  the  magnitude  and  the  form  of  the  two 
distribution  functions  through  examples  of  the  ground-level 
and  the  out-of-the  atmosphere  cases. 

Out  of  the  Atmosphere.  At  the  top  of  the  atmosphere,  the 
sky  radiances  (6  =  0°  to  90°)  are  zero.  Thus  the  second  or 
diffuse  term  in  Eq.  (32)  is  negative,  and  Diz)  is  less  than  the 
Sun  component  or  first  term.  A  reasonable  approximation 
for  D(=>)  assumes  the  upwelling  radiance  to  be  constant 
(Lambertian)  and  thus  equal  to  the  upwelling  scalar  irradi¬ 
ance  divided  by  2 x: 

Dia>)  =  st( 00  (sec  9Jti  =°  I  +  <(  ®,  u)  j  sec  rtdfl/[2x<(  °°  i]. 

(36) 

The  downwelling  scalar  irradiance  is  equal  to  the  Sun  scalar 
irradiance  since  there  is  no  sky  irradiance.  Thus  the  upwell  - 
ing  scalar  irradiance  can  be  expressed,  using  Eq.  (13).  as 
,A(  =>),<(»),  and  the  total  scalar  irradiance  is 


Diz)  *  ,<(z) sec  9Jtiz)  +  [  [L(z,  9,  <t>) 

ht 

-  Liz.  r-9,  0)]sec  9dQ/tiz).  (32) 

Equation  (32)  appears  indeterminant  because  sec  9  goes  to 
infinity  at  90°.  However,  the  radiance  difference  [L(z,  9,  <t>) 
-  Liz.  x  -  9.  <j>)]  goes  to  zero  as  sec  9  goes  to  infinity;  thus  the 
equation  is  not  indeterminant  and  can  be  evaluated  with 
measured  or  model  radiance  distributions. 

Scattered  Radiance  Distribution  Function 

The  second  function  is  the  scattered  radiance  distribution 

function 


D,iz)  »  L.,iz.  9.  4>)sec  0dQ/[«(z)s(z)j 


Liz,  9',  0')[(r(z,d)/s(z)]dn  sec0dQ/e(z).  (33) 


Dividing  by  both  the  scalar  irradiance  and  the  total  volume 
scattering  coefficient  makes  this  function  unitless. 

An  alternative  way  of  expressing  Eq.  (33)  is  to  separate  out 
the  Sun  term  as  in  Eq.  (32): 

D.iz)  *,«(*)  I  [<r(z,  3)/slz)|sec  tfdn/<(z) 

.Ur 


+  |  j  Liz.  9’,  <s')|«t(z.  J)/slz)]dll  secOdfi/<(zl. 
htlit 

(34) 


f.quuiinn  (or  Scuiur  Irradiunce 
Now  Eq.  1 30)  can  be  rewritten  as 

dfizi/|»iz)dz|  m  —a(z)D)z)  —  v ( z ( j 0 ( z )  —  D,lz)|.  (35) 


f(®)  *  ,«(“)[1  +  jAI00)].  (37) 

Combining £qs.  (36)  and  (37)  and  evaluating  sec  fldSf  for  a  5° 
resolution  grid,7  we  get 

Z>(®)  *  [sec  9,  -  4.4  ,A(»)|/[1  +  ,A(®)].  (38) 

Figure  2  depicts  the  radiance  distribution  function  comput¬ 
ed  by  using  Eq.  (38)  with  a  range  of  Sun  zenith  angles  and 
scalar  albedos.  It  should  be  remembered  that  the  ,A(  <=  >  is 
the  apparent  albedo  and  not  the  inherent  albedo.  The  two 
are  not  usually  equivalent. 

The  scattering  path  function  £.,(■»,  9,  <t> )  =*  0,  since  out  of 
the  atmosphere  is  by  definition  above  the  scattering  layer. 
Therefore  the  scattering  distribution  function  for  out  of  the 
atmosphere  is  also  zero: 

D,(®)»  0.  (39) 

Rayleigh  Scattering.  It  is  relatively  easy  to  see  that  the 
first  term  on  the  right-hand  side  of  Eq.  (34)  becomes  zero  for 
Rayleigh  scattering.  The  <r(z,  R)/siz)  is  symmetrical  about  3 
*  90°  and  thus  has  equal  forward  scattering  and  backscat- 
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Fijr  2.  Radiance  distribution  Junction  at  the  top  of  the  atmosphere 
as  a  function  of  Sun  zenith  angle  and  scalar  albedo 
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Fig.  3.  Photoptc  Rayleigh  radiance  distribution  function  for 
ground  level,  7\»|0.  0)  »  0.907. 


Scalar 


Figure  !  depicts  sample  Ravleigh  radiance  distribution 
functions.  These  examples  are  lor  ground  ievel  I) on  lor  i 
range  of  Sun  zenith  angie  and  scalar  albedo  tor  the  photopic 
case  of  Earth-to-space  radiance  transmittance  T roi.  o) 
equal  to  0.907.  These  were  computed  bv  using  R.iv  ieign 
sky-radiance  distributions  based  on  the  equilibrium-radi¬ 
ance  model  atmosphere  with  the  terrain  described  as  abov  e. 
The  difference  between  using  this  textured  terrain  and  a 
constant-radiance  terrain  affected  DIO)  less  than  3®fc.  Sca¬ 
lar  albedos,  zero  and  one,  provide  the  lower  and  the  upper 
limiting  cases.  Scalar  albedo  0.1  represents  an  average  ter¬ 
rain  of  fields  and  crops,  0.2  represents  desert,  and  0.8  repre¬ 
sents  fresh  snow. 

The  ground-level  radiance  distribution  function  for  the 
photopic  Rayleigh  case  is  generally  greater  than  the  out-of- 
the-atmosphere  case  in  Fig.  2.  However,  the  two  functions 
in  Figs.  2  and  3  are  of  the  same  general  form. 

Photopic  Clear  Day.  For  a  non-Rayleigh  example,  we  will 
use  a  space-to-Earth  radiance  transmittance  Fx (0.  0)  of  0.7. 
This  is  considered  a  standard  clear  day  for  the  photopic 
sensor.  For  the  proportional  volume  scattering  function  we 
will  use  the  Barteneva10  class  5  function  values.  We  use  sky- 
radiances  based  on  the  equilibrium-radiance  model  atmo¬ 
sphere  and  the  same  type  of  terrain  as  described  above. 

The  total  downwelling  irradiances  computed  from  these 
sky  radiances  agree  well  (see  Ref.  9)  with  the  total  downwell¬ 
ing  illuminances  (converted  to  irradiances)  from  Brown.11 
The  Brown  average  illuminances  as  a  function  of  Sun  zenith 
are  based  on  over  12,000  measurements  made  between  1943 
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tering.  Therefore  the  scattering  from  the  Sun  into  the  up¬ 
ward  hemisphere  is  equal  to  the  scattering  into  the  lower 
hemisphere,  and  the  weighting  by  sec  8  makes  the  first  term 
in  Eq.  (34)  equal  to  zero.  The  same  thing  is  true  for  the 
scattering  from  each  sky-  and/or  terrain-radiance  element. 
Therefore,  for  the  Rayleigh  atmosphere. 


*B.<«)  *  0. 


(40) 


Equation  (40)  was  verified  by  doing  the  integrals  in  Eq. 
(34)  by  discrete  summation  using  a  resolution  of  5°.  These 
were  computed  for  several  ground-level  Rayleigh-model 
sky-  and  terrain-radiance  distributions  (several  Sun  zenith 
angles  and  several  albedos).  The  Rayleigh  sky-radiance 
distributions  were  computed  by  using  model-atmoephere 
equations  that  assume  equilibrium  radiance  to  be  constant 
with  altitude.9-9  The  terrain  radiance  was  assumed  to  in¬ 
crease  toward  the  horizon  and  to  be  textured  so  that  the 
largest  reflectance  was  at  180°  azimuth  from  the  Sun. 

For  the  Rayleigh  case,  Eq.  (35)  can  be  written  as 

d«(z)/[f(z)dzj  *  -(alz)  +s(z)]D(z)  »  — a(z)D(z).  (41) 

The  above  equations  are  for  monochromatic  radiation. 
They  are.  however,  reasonable  engineering  approximations 
for  broadband  radiation  when  the  absorption  is  primarily  in 
broadband  continua  and  not  in  line  or  band  spectra  or  when 
absorption  is  due  to  suspended  particles  or  water  droplets. 
This  holds  reasonably  well  in  the  visible  portion  of  the  spec¬ 
trum  in  the  atmosphere.  It  may  also  be  useful  for  relatively 
narrow-band  radiation  in  a  window  in  the  near  infrared. 


Sun  ZMU  Sn*le  (warm) 

Fig.  5.  Ground-level  scattered  radiance  distribution  function  for  t 
photopic  clear  day. 
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Fig  6.  Difference  between  the  radiance  and  the  scattered  radiance 
distribution  functions  [Dl0>  -  D,(0)|  for  a  photopic  clear  day. 
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Fig.  7.  Diffuse  component  of  the  Rayleigh  radiance  distribution 
function. 
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Fig.  8  Diffuse  component  of  the  radiance  distribution  function  for 
a  photopic  clear  day. 
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Fig  9-  Diffuse  component  of  the  scattered  radiance  distribution 
function  for  a  photopic  clear  day. 

and  1947  all  over  the  world.  The  Brown  average  values  are 
generally  used  as  an  illuminance  standard  for  a  clear  day. 

Figure  4  depicts  values  of  the  radiance  distribution  func¬ 
tion  OfO)  for  the  photopic  average  clear-day  case  based  on 
the  model -atmosphere  calculations.  Figure  5  depicts  the 
scattered  radiance  distribution  function  (note  change  of 
scale  i.  and  Fig.  6  depicts  the  difference  between  the  radiance 
distribution  function  and  the  scattered  radiance  distribu¬ 
tion  function  [DiO)  -  D.(0)|.  The  two  distribution  func¬ 
tions  were  evaluated  for  the  same  range  of  albedos  and  Sun 
zenith  angles  as  before. 

The  radiance  distribution  tunction  for  the  average  clear 
dav  i  Fig.  41  is  generally  larger  than  the  values  for  the  Ray¬ 
leigh  case  i  Fig.  3).  except  at  the  largest  Sun  zenith  angle  80° 
However,  the  distribution-function  difference  [Of 0)  - 
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D.iOlj  for  the  average  clear  day  is  closer  to  zero  than  the 
Rayleigh  distribution  function.  This  is  due  to  the  effect  of 
subtracting  the  scattered  radiance  distribution  function 
i  which  is  zero  for  the  Rayleigh  casei. 

Diffuse  Component  of  the  Distribution  Functions.  The 
first  or  Sun  term  in  Eqs.  1 32)  and  1 34 1  is  always  positive,  hut 
the  second  or  diffuse  term  varies  from  positive  to  negative  as 
albedo  increases.  In  the  out-of-the-atmosphere  case  the 
diffuse  component  varies  from  zero  for  albedo  zero  to  -2.2 
for  albedo  1.0. 

Figures  7  and  8  depict  the  diffuse  component  of  the  radi¬ 
ance  distribution  function  as  a  function  of  albedo  for  the 
photopic  Rayleigh  and  standard  clear  day.  respectively. 
The  Rayleigh  case  became  negative  at  lower  albedos  than 
did  the  distribution  function  for  the  photopic  clear  day  In 
Fig  9  the  diffuse  component  of  the  scattered  radiance  distri¬ 
bution  function  is  depicted  for  the  photopic  clear  day. 


INTEGRATING  THE  EQUATION  OF  TRANSFER 
WITH  ALTITUDE 


Irradiance  Integration 

The  equation  of  transfer  for  irradiance,  Eq.  (26).  can  be 
integrated  with  respect  to  altitude.  The  limits  of  integra¬ 
tion  are  between  zo  and  z  as  we  descend  into  the  atmosphere 
so  that  z0  is  greater  than  z: 

/{Ul  l* 

dflz)  =  a(z)[m(X,  73  -  f(z))dz.  (42) 

The  left-hand  term  is  easily  integrated,  but  the  right-hand 
term  is  not.  Partially  integrated  Eq  (42)  becomes 

£(z)  -  £(z0)  *  f  a(z)[m(X,  73  -  <(z)]dz.  (43) 

This  equation  defines  the  irradiance  divergence. 


.Approximate  Solution 

A  reasonable  approximation  to  the  integration  can  be  ob¬ 
tained  if  we  assume  that  the  change  in  the  difference  [m(.\. 
73  -  t(z)]  is  small  enough  from  zo  to  z  such  that  an  average 
value  [m(X,  73  -  <(z)J  can  be  substituted.  Substituting  in 
the  average  difference  between  the  exitance  and  the  scalar 
irradiance,  it  can  now  be  taken  out  of  the  integral,  and  we  get 


The  integral  of  the  absorption  with  altitude  is  the  optical 
thickness  that  is  due  to  absorption  „£ ^(z);  therefore 

£(z)  -  £(z0)  -  ^(zljmlX,  73  -  <(zl|.  (43) 


This  is  an  approximate  equation  for  the  net  irradiance 
change  with  altitude 

An  expression  for  the  absorption  optical  thickness  can  be 
obtained  by  rearranging  Eq.  (45)-. 

jt^lzl  »  (£(zl  -  £iz„l]  [m(X.  7*)  -  nz'J.  1 46 i 


The  error  in  the  resultant  optical  thickness  is  probably  less 
than  the  variability  of  the  difference  [mtX,  T)  -  <tz>)  from 
the  average  value. 

Thus,  if  one  has  a  measure  of  ambient  temperature  and 
downwelling  and  upwelling  and  scalar  irradiance  at  two  alti- 
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Fig.  10.  Standard  spectral  responses  for  airborne  filtered  sensors. 


Filter 

Description 

Mean 

Wavelength 

(nm) 

Effective 

Pass  band 
(nm) 

•> 

Blue 

478 

20 

6 

S-20 

532 

184 

4 

Pseudophotopic 

557 

78 

3 

Red 

664 

30 

5 

Near  infrared 

765 

50 

tudes  z o  and  z,  the  absorption  optical  thickness  can  be  ob¬ 
tained. 

Visible-Spectrum  Example 

In  the  visible  spectrum,  the  emission  is  negligible;  therefore 
Eq.  (46)  simplifies  to 

% 

-  [{U0>  ~  £U)]/«Ub  (47) 

For  an  example,  we  will  refer  to  measurements  made  dur¬ 
ing  flight  C-466  in  Meppen,  Germany.12  Airborne  measure¬ 
ments  were  made  for  a  4t  coverage  of  sky  and  terrain  ra¬ 
diances  (measured  with  a  5°  field  of  view),  total  volume 
scattering  coefficient,  and  downwelling  and  upwelling  irra- 
diance.  The  example  uses  the  sky  and  terrain  radiances 
measured  for  filter  2.  See  Fig.  10  for  the  filtered  sensor 
spectral  characteristics. 

The  altitude  za  was  chosen  as  the  highest  altitude  flown  (6 
km),  and  the  z  used  was  for  the  lowest  altitude  flown  (0.2 
km).  Thus  A z  equals  5.8  km.  The  Sun  was  unobscured  at 
both  altitudes,  but  there  were  scattered  cirrus  clouds. 

Subsequent  scanner  tests  indicated  a  spurious  Sun  reflec¬ 
tion  in  sky-radiance  measurements  near  the  Sun.  There¬ 
fore  the  first  step  was  to  correct  the  scanner  data  in  the 
region  0<’-25°  scattering  angle  from  the  Sun.  The  correc¬ 
tion  method  used  was  similar  to  the  Barteneva10  method  for 
extrapolating  the  volume  scattering  function  near  the  zero- 
degree  scattering  angle.  Log  sky  radiance  at  each  zenith 
angle  was  assumed  to  be  linear  with  cos  3  from  0°  to  30°  in  3. 
The  slope  of  the  line  was  established  by  the  values  near  the 
(0°  scattering  angle. 

The  next  step  was  to  obtain  a  measure  of  radiance  trans¬ 
mittance  appropriate  for  the  unobscured  Sun.  This  was 
done  by  using  solar  almucantar  sky  radiances  and  a  modifi¬ 
cation1  !  14  of  the  Livshits-Pavlov1’  method. 

As  a  check,  the  computed  irradiances  were  compared  to 
the  E  meter  i irradiometer)  measurements.  The  irradiances 
computed  from  the  skv-terrain  scanner  measurements  are 
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given  in  Tables  1  and  2  together  with  the  ratios  to  the  E 
meter  values.  The  ratio  of  computed  to  measured  upweiling 
irradiances  can  be  used  as  a  control  to  evaluate  the  sky- 
radiance  corrections  since  the  terrain  radiances  required  no 
correction.  The  ratio  of  computed  to  measured  downweii- 
ing  irradiances  are  as  close  or  closer  to  one  'the  ideal'  than 
the  control  ratios.  Thus  the  corrected  sky  radiances  were 
considered  reasonable. 

The  evaluation  of  Eq.  (47)  is  also  shown  in  Table  3.  The 
estimated  error  is  ±8%  based  on  the  variability  of  the  <(z)  at 
each  altitude  from  the  average  <(z).  No  attempt  was  made 
to  correct  for  the  Sun  zenith  angle  change  from  41°  to  47° 
between  the  measurements  at  6  and  0.2  km. 

The  above  sample  indicates  that  the  method  appears  us¬ 
able  on  tropospheric  measurements  of  this  sort. 


Table  1.  Computed  Scalar  Irradiances  for  Flight 
_ C-466,  Filter  2  \  =  478  nm _ 

Computed  Scalar  Irradiances  tW/m:  uml 


•-  V 21 

r.  -\  -~i 


Specific 

Irradiance 

Component 

At  6  km 
<(6) 

At  2  km 
<(0.2) 

Average 

over 

Altitude 
e(A z) 

Change 

over 

Altitude 

Sun  ,<U) 

1796 

1113 

Sky  a«(r,  d) 

338 

838 

Upwelling  <U,  u) 

424 

227 

Total  <(z) 

2558 

2178 

2368 

8% 

Albedo  *A 

0.199 

0.119 

Table  2.  Computed  Flat-Plate  Irradiances  for  Flight 
C-466,  Filter  2,  ,\  =*  478  nm 

Computed  Flat-Plate  Irradiances 
_ (W/m2  am) 

Specific  At  6  km  E(6)  At  2  km  E(0.2) 

Irradiance  Calculated  from  Calculated  from 

Component  Scanner  Scanner 


Sun  ,£(z) 

1359 

757 

‘•'A'/." 

Sky  s£(z,  d) 

114 

380 

••an 

v"  S*  V 

Total  downwelling 

1473 

1137 

E(z,  d) 

.•* 

Total  upwelling 

187 

77 

E(z,  u) 

«  ~  *  ' 

Albedo  A(z) 

0.127 

0.069 

»  *  w  * 

Net  €(a) 

1286 

1060 

Calculated-measured 

-y>: 

ratios 

•  * 

Downwelling 

1.04 

1.02 

iscan/irrad) 

„  J 

Upwelling 

0.96 

1.11 

w*  ",  '  -  _  * 

<  scan/ irrad) 


Table  3.  Computed  Absorption  Optical  Thickness 

mm 

Computed  Absorption 

•'V  Vs 

Computational 

Optica)  Thickness 

Procedure 

a‘5.81021 

•  • 

%  •s 

From  net  irradiance 

0.0954 

Jacqueline  A.  Gordon 


Vol.  3.  No.  2, 'February  1986/J.  Opt.  Sue  Am.  A 


SIN  ZENITH  ANGLE  (DcgrccO 


Fig.  11.  Albedo  out  of  the  atmosphere  for  a  nonabsorbing  atmo¬ 
sphere  based  on  Ref.  11  and  Eq.  (52). 


.Vo  .Absorption 

When  there  is  no  absorption  and  hence  no  emission,  Eq.  (45) 
becomes 


Scalar-Irradiance  Integration 

The  equation  of  transfer  for  scalar  irradiance.  Eq.  i3.ii.  can 
also  be  integrated.  Integrating  from  z.,  to  z.  we  get 

|  fzi*1  dei  c )  =  —  j  aiziDizidz 


•z 

s(z)[D(z)  -  D(iz)]dz.  ( 53 1 

*0 

Again,  the  left-hand  term  is  easily  integrated,  but  the  right- 
hand  term  is  not,  which  results  in 

a(z)£>(z)dz  -  f  s(z)[D(z)  -  Djizijdz. 

‘0  '*0 

(54) 

This  is  the  partially  integrated  equation  for  the  change  of 
scalar  irradiance  with  altitude. 

Approximate  Solution 

A  reasonable  approximation  to  the  integration  can  be  ob¬ 
tained  if  we  assume  that  the  changes  in  D(z)  and  [D(z)  - 
Dj(z)]  are  small  between  zo  and  z.  Thus  the  average  values 
can  be  substituted  and  taken  out  of  the  integrals: 


ln(f(z)/f(z0)J  =  - 


{(*)  -  E(z„)  *  0.  (48) 

or,  substituting  in  Eq.  (25), 

E(z,  d)  -  E(z,  u )  -  E(Zq,  d)  -  E(z0,  u).  (49) 

When  there  is  no  absorption  the  net  irradiance  does  not 
change  with  altitude. 

Substituting  Eq.  (11)  into  Eq.  (49),  we  get  an  expression  in 
terms  of  downwelling  irradiance  and  the  albedo: 

E(z,  d)[l  -  A(z)j  -  E(z0,  d)[l  -  A(z0)].  (50) 

Thus  the  apparent  albedo  change  with  altitude  is  directly 
linked  to  the  downwelling-irradiance  change  with  altitude 
when  there  is  no  absorption. 

The  albedo  out-of-the-atmosphere  A(®)  can  be  computed 
when  the  albedo  and  the  downwelling  irradia  ice  at  altitude 
z  are  known,  since  the  downwelling  irradiance  out  of  the 
atmosphere  is  the  solar  scalar  irradiance  ,<(<»)  times  the 
cosine  of  the  Sun  zenith  angle 

E(«,  d)  m  ,<(®)cos  9,.  (51) 

Substituting  Eq.  (51)  into  Eq.  (50)  and  rearranging,  we  get 
A(«)  -  1  —  Eiz,  d)(l  -  A<z>|/(,e(-)coB0f].  (52) 

If  we  assume  the  photopic  clear  day  to  have  negligible 
absorption,  for  example,  we  can  use  the  illuminances  from 
Brown11  to  compute  the  albedo  out  of  the  atmosphere  by 
assuming  various  albedos  at  ground  level.  Using  a  Sun 
illuminance  out  of  the  atmosphere  of  1.37  X  104  lra/m2  based 
on  the  spectral  irradiances  from  Johnson,1®  with  the  Brown 
illuminances  converted  to  the  same  units;  the  results  are 
shown  in  Fig.  11  for  various  ground-level  albedos.  A 
ground-level  albedo  of  0. 1  is  probably  the  moat  reasonable  in 
relation  to  the  Brown  illuminances. 


Fig.  12.  Measured  sky  and  terrain  radiances  for  high  and  low 
altitude  for  the  pseudophotopic  filter  4  during  flight  C-180.  Flight 
was  in  the  afternoon  on  August  1 1 ,  197 1 ,  over  farmlands  north  of  St. 
Louis  with  scattered  cumulus  clouds  dissipating  and  a  layer  of  thin 
cirrostratus  forming  during  the  flight. 
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Fig.  13.  Measured  sky  and  terrain  radiances  for  high  and  low 
altitude  for  filter  5  during  flight  C-180.  MCV  is  the  minimum 
calibratable  value  for  the  upper-hemisphere  scanner  radiance  mea¬ 
surements  using  filter  5. 


ln(ciz)/tlz, 


>)|  =  -D(z)  [  a(z)dz  -  (6(z)  -  D,(z)]  f  s(z)dz, 
Jin  Jl» 


or,  in  terms  of  the  optical  thicknesses, 

ln[<lz >/«(*„))  -  -fl(z)0t^(z)  -  [f)(z)  -  D.lzlj.r^lz).  (56) 

This  is  an  approximate  solution  for  the  change  of  scalar 
irradiance  with  altitude. 


Fffect  of  .Altitude  on  the  Radiance  Distribution  Function 
Let  us  speculate  at  this  point  on  the  relationship  between 
the  Sun  and  the  diffuse  terms  in  Eq.  (32)  as  a  function  of 
altitude.  We  can  do  this  by  looking  at  sample  data  for  the 
troposphere.  We  will  refer  to  airborne  data  from  the  only 
series  of  (lights  in  the  atmospheric  optical  data  bank  of  the 
Visibility  Laboratory  that  are  in  and  near  a  large  metropoli¬ 
tan  area  with  considerable  air  pollution.17  The  data  are  thus 
expected  to  indicate  measurable  absorption  from  gaseous 
and  or  particulate  pollution  sources. 

Figure  12  contains  two  graphs  for  the  pseudophotopic 
filter  4  One  graph  is  for  high  altitude  and  one  for  low 
altitude  ot  measured  sky  and  terrain  radiances  for  azimuths 
Irom  the  Sun  of  0°.  90°.  180°.  and  270°.  These  graphs  are 
typical  ot  terrains  with  scalar  albedos  of  approximately  0.1 


at  low-  altitude.  Typically,  the  apparent  albedo  of  these 
terrains  increases  with  altitude. 

The  sky  radiances  i«  =  0°-90°i  are  generally  lower  than 
the  apparent  terrain  radiances  of  =  90°-180°i  at  high  alti¬ 
tude  and  generally  greater  than  the  terrain  radiances  at  low 
altitude.  Thus  the  diffuse  component  of  the  radiance  distri¬ 
bution  function  would  be  negative  at  hign  altitude  and  posi¬ 
tive  at  low  altitude.  At  high  altitude,  the  total  D(z)  is  less 
than  the  first  or  Sun  term.  At  some  intermediate  altitude, 
the  D(z)  is  equivalent  to  the  Sun  term  since  the  diffuse  term 
becomes  zero.  At  low  altitude,  the  D(z)  is  greater  than  the 
Sun  term  since  the  second  term  becomes  positive. 

On  the  same  flight,  graphs  land  albedos  I  for  broadband 
filters  2  and  3  with  mean  wavelengths  of  478  and  664  nm. 
respectively  (see  Fig.  10).  were  similar  to  Fig.  12.  In  con¬ 
trast,  filter  5  had  a  consistently  higher  albedo  and  higher 
overall  radiance  transmittance,  space  to  sensor.  The  high- 
and  low-altitude  graphs  for  the  broadband  filter  5  imean 
wavelength  765  nm  with  an  albedo  of  0.3)  are  given  in  Fig.  13. 
These  graphs  show  sky  radiance  lower  than  terrain  radiance 
at  both  low  and  high  altitude,  indicating  that  the  diffuse 
component  of  Dlz)  would  be  negative  at  all  altitudes. 

The  above  analysis  is  reasonably  consistent  with  the  anal¬ 
ysis  of  the  diffuse  component  of  the  radiance  distribution 
function  based  on  the  model-atmosphere  computations,  as 
depicted  in  Figs.  7  and  8.  In  the  model  calculations,  the 
diffuse  component  became  negative  with  increased  albedo. 
It  also  became  negative  at  lower  albedos  for  the  thinner 
Rayleigh  atmosphere. 

SUMMARY 

Absorption  optical  thickness  between  two  altitudes  of  mea¬ 
surement  can  be  obtained  from  measurements  of  4t  radi¬ 
ance  by  using  the  equation  of  transfer  for  irradiance.  Ab¬ 
sorption  values  would  be  of  use  to  modelers  of  radiance  fields 
and  contrast  transmittance  and  of  some  interest  to  those 
concerned  with  visibility  and  pollution.  Equation  (46)  pro¬ 
vides  a  means  for  obtaining  absorption  optical  thickness 
values  from  extant  tropospheric  visible-spectrum  data. 
The  equation  of  transfer  for  irradiance  has  absorption  and 
emission  terms  but  no  scattering  terms.  This  becomes  ap¬ 
parent  only  when  the  path  function  is  broken  into  its  two 
(scattered  and  emitted)  components. 

The  equation  of  transfer  for  scalar  irradiance  has  absorp¬ 
tion  and  scattering  terms  but  no  emission  term.  Both  the 
absorption  and  the  scattering  are  affected  by  a  radiance 
distribution  function.  The  scattering  is  also  affected  by  a 
scattered  radiance  distribution  function,  except  for  the  Ray¬ 
leigh  case.  The  equation  of  transfer  for  scalar  irradiance  is 
necessary  for  understanding  the  radiation  field  and  how  it 
changes  with  altitude. 

The  equations  were  derived  for  monochromatic  radiation 
in  the  atmosphere  below  the  mesosphere.  They  are  appro¬ 
priate  for  broadband  radiation  in  the  visible  spectrum. 
They  are  also  probably  applicable  to  a  relatively  narrow- 
band  radiation  operating  in  an  absorption  window  in  the 
near  infrared. 

These  irradiance  and  scalar -irradiance  equations  can  be 
used,  provided  that  the  medium  is  in  a  steady  state  during 
the  measurements.  In  the  visible,  Eq.  147)  can  also  be  used 
as  a  test  to  indicate  whether  a  steady  state  exists.  The 
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~quati>>n>  require  not  an  unobscured  Sun  but  only  that  the 
lata  trum  tne  two  altitudes  be  consistent  (that  is.  as  if  they 
Tad  neen  measured  simultaneously i. 
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Abstract 

Two  concerns  of  atmospheric  transparency  determination  are,  the 
loss  of  image  forming  light  and  the  veiling  effect  of  scattered  light. 
Path  reflectance  takes  both  into  consideration.  The  veiling  light 
which  masks  the  signal  received  by  sensors  on  satellites  can  be  and 
has  been  measured  from  the  ground.  An  instrument  was  designed  and  has 
been  in  use  for  some  20  years  providing  ground  truth  for  remote 
sensing  from  space.  A  reasonably  broad  sample  from  this  data  base, 
including  data  from  passbands  with  mean  wavelengths  between  459  nm  and 
882  nm  is  presented  and  discussed. 

1.  INTRODUCTION 

The  radiance  transmittance  through  the  atmosphere  is  the  same  for 
inverse  directions  for  any  path  of  sight.  That  is,  the  vertical  upward 
transmittance  is  equivalent  to  the  vertically  downward  transmittance, 
and  the  transmittance  for  the  path  of  sight  at  zenith  angle  60° 
azimuth  0°  is  equivalent  to  the  transmittance  for  the  path  of  sight,  at 
zenith  angle  120°  azimuth  180°.  Thus  values  of  transmittance  or 
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optical  thickness  measured  on  the  surface  of  the  earth  are  directly 
applicable  to  the  transmittance  for  the  downward  paths  of  sight,  both 
being  the  vertical  transmittance  1^(0, 0)  to  the  power  of  the 
relative  optical  airmass  m(9)  for  the  appropriate  zenith  angle  9 
T.(0,0)=T.(0,0)m<0>-  (1) 

The  path  radiance  is  the  radiance  scattered  into  the  path  of 
sight  from  all  4n  directions.  This  radiance  is  not  generally  the  same 
in  both  directions  along  the  same  path  since  the  angle  of  scattering 
from  the  principal  light  source,  the  sun  or  moon,  is  generally  not 
equivalent  for  the  two  paths  of  sight.  However,  a  method1  is 
available  whereby  the  path  radiance  can  be  predicted  from  ground-based 
measurements. 

This  paper  will  primarily  be  concerned  with  the  veiling  effect  of 
intervening  path  radiance  or  path  reflectance  and  how  it  can  be  and 
has  been  measured  from  ground  stations  to  provide  the  ground  truth  for 
remote  sensing.  Three  data  sets  will  be  presented.  These  will  be 
designated  Rooftop,  Portable  and  Sea  Air.  They  range  from  data  taken 
during  the  earlier  development  of  the  earth-to-space  method  to  data 
taken  to  provide  ground  truth  for  remotely  sensed  measurements. 

The  notation  used  is  that  adopted  by  the  Visibility  Laboratory, 
University  of  California,  San  Diego, ^  and  modified  to  correspond 
to  Optical  Society  of  America  recommendations  in  Sec.  1  of  Driscoll 
and  Vaughn^. 

2.  THEORY 

2.1  Path  Radiance 

The  basic  equation  for  the  apparent  radiance  of  an  object  on  the 
surface  of  the  earth  as  measured  by  a  sensor  in  earth  orbit  is 
L.(*,fl,0Ko(O,fl,?)T.(.,9)  +  L*(® ,9 ,0)  (2) 

where  L=D(®,9,0)  is  the  apparent  radiance  as  measured  at  range  r=®  ,  at 
altitude  z=®,  for  the  path  of  sight  at  zenith  angle  9  and  azimuth  0. 
The  Lo(O,9,0)  is  the  inherent  radiance  at  range  r=o  and  altitude  zt=0. 
The  initial  signal  is  degraded  by  the  radiance  transmittance  ^(-,9) 
and  the  veiling  path  radiance  l*(®,9,0).  The  optical  thickness  t^O) 
is  related  to  the  radiance  transmittance  by 
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1nT.(0,0)*-t.(0).  13) 

The  method  of  measuring  earth-to-space  path  radiance  from  ground 
stations  has  been  completely  described  (Ref.  1).  It  uses  sky  radiance 
L*(O,9',0')  to  obtain  the  effective  equilibrium  radiance 
Lq(0,e)  at  the  appropriate  scattering  angle  6  for  the  downward 
path  of  sight  from  earth  to  space 

Lq(O,0)  =  L*(O,9'  ,0'  )/[l-TaJ(0,9l )].  (4) 

If  9  is  the  zenith  angle  of  the  downward  path  of  sight  and  9’  is 
the  zenith  angle  of  the  sky  radiance  at  the  same  scattering  angle  e 
from  the  principal  light  source  such  as  the  sun  or  moon,  the 
earth-to-space  path  radiance  is  (Eq.  8  Ref.  1) 
l;(-,0,bKI(z,0'  ,e)[l-Tol(-,9)]/[l-Ta,(z,0'  )].  (5) 

Figure  1  illustrates  the  scattering  angle  relationships  for  a 

vertically  downward  path  of  sight. 

Three  experiments  validated  the  method.  In  addition,  the  method 
was  used  during  the  Gemini  program^  as  a  part  of  a  carefully 
controlled  measurement  of  the  visual  capabilities  of  astronauts  in 
earth  orbit  to  discriminate  test  objects  on  the  ground. 

The  method  was  found  to  be  generally  valid,  not  only  on 
cloud-free  days  but  on  days  with  some  clouds,  as  long  as  the  path  of 
sight  and  the  sky  radiance  were  cloud  free. 

When  the  6  for  the  path  of  sight  is  larger  than  all  the 
scattering  angles  available  in  the  upper  hemisphere  (this  happens  most 
often  when  the  sun  zenith  angle  is  small)  an  approximation  is  used  of 
the  sky  radiance  at  8=  90°.  This  approximation  was  used  and  validated 
in  the  three  experiments. 

2.2  Path  Reflectance 

Path  reflectance  was  defined  by  Duntley^  as  (Eq.  4,  Ref  5) 
.0«0)=TTL*(»,0,0)/[E(O,d)Ta>(»>0)] ,  (6) 

where  E(0,d)  is  the  total  downwelling  irradiance  at  the  object 
altitude.  We  have  expressed  Eq.  6  in  terms  of  the  orbital  downward 
path  of  sight.  It  combines  the  effects  of  path  radiance,  downwelling 
irradiance  and  path  transmittance  in  such  a  way  that  the  equation  for 
contrast  transmittance  can  be  written  as  (Eq.  3,  Ref.  5) 
CJ-.O.flJ/CotO.O^J-Cl+R^-.O.BJ/hRotO.G^)]-1,  (7) 
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where  bRQ(O,9,0)  is  the  inherent  background  reflectance. 

The  inherent  contrast  Co(O,9,0)  is  defined  by 
Co(O,9,0)=tlo(O,9,0)/bLo(O,9,0)  -1 

«  tRo(O,9,0)/bRo(O,9,0)  -1  (8) 

where  tLo(O,9,0)  is  the  inherent  object  radiance  and 
tRo(O,9,0)  the  inherent  object  reflectance.  Apparent 
contrast  Ca>(®,9,0)  is  similarly  related  to  the  apparent  object 
and  background  radiances  and  reflectances  appropriate  for  an  orbital 
sensor. 

The  contrast  transmittance  is  related  to  the  ratio  of  the  path 
reflectance  to  the  inherent  background  reflectance  in  Fig.  2  (Fig.  3, 
Ref.  5).  When  the  ratio  is  one,  the  contrast  transmittance  is  0.5. 
When  the  background  reflectance  is  smaller  than  the  path  reflectance, 
the  ratio  is  greater  than  one  and  the  contrast  transmittance  is  less 
than  0.5.  Conversely,  when  the  background  reflectance  is  greater  than 
the  path  reflectance,  the  ratio  is  less  than  one  and  the  contrast 
transmittance  lies  between  0.5  and  1.0. 

2.3  Additional  Substantiation 

The  method  for  obtaining  earth-to-space  path  radiance  was  based 
on  empirical  evidence  and  not  on  theory.  Additional  empirical 
evidence  has  indicated  that  there  is  a  theoretical  basis  as  well6. 

The  point  function  equilibrium  reflectance  Rq(z,180°)  for  the 
vertically  downward  path  of  sight  was  found  to  be  constant  with 
altitude  for  26  (80%)  out  of  33  separate  tropospheric  profiles 
measured  during  one  field  trip.  These  profiles  were  measured  during 
mostly  cloudy  conditions  but  the  flights  were  always  in  cloud  free 
segments  of  the  path. 

When  equilibrium  reflectance  for  a  given  path  of  sight  is  a 
constant  it  is  possible  to  integrate  the  equation  of  transfer  to 
obtain  an  equation  similar  to  Eq.  2  (Eq.  44,  Ref.  6) 
M-,9,0)=Ro(O,9,0)U-,9)+Rq(O,9,0)[l-Tj-,9)].  (9) 

The  path  reflectance  then  becomes 
Rl(»,9,0)=Rq(O,9,0)Cl-T<D(-,9)]/T„(-,e) 

=  Rq(O,9,0)[T.(-,9)-1-l]. 


(10) 
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2.4  Caveat 


Recent  data  analyses  indicate  that  the  transmittance  in  Eqs.  4 
and  5  is  the  transmittance  due  to  scattering  alone  ^  and 
does  not  include  any  absorpti on' ,Q *  .  When  absorption  is  small, 
this  can  probably  be  ignored.  Therefore,  Eqs.  5,  9  and  10  are 
appropriate  in  the  windows  where  absorption  is  relatively  negligible. 


3.  INSTRUMENTATION 

3.1  Early  Instrumentation 

The  instrumentation  used  to  develop  the  method  of  obtaining 
earth-to-space  path  reflectance  was  primarily  a  solar  transmi ssometer 
with  a  field  of  view  of  4  minutes  of  arc  (Fig.  3),  a  sky  scanning 
telephotomer  with  a  five  degree  field  of  view  (Fig.  4),  and  an 
irradiance  meter  (upper  portion  of  Fig.  5).  The  Rooftop  data  set  used 
these  instruments  and  the  Pahrump,  Nevada  experiment  in  the  Portable 
data  set  used  a  similar  portable  set  of  instruments.  The  Portable 
scanner  pattern  was  different  but  a  5°  field  of  view  was  still  used  in 
a  2tt  scan  pattern. 

The  vertical  transmittance  was  obtained  from  the  measurements  of 


apparent  center  sun  radiance  sL^O.Qg.O)  as  follows 
Ta,(z,0KsLa>(0,9s,0)/sLo(-,9s,0)]1^9s).  (11) 

The  empirical  expression  for  airmass  was  taken  from  Kasten1^.  The 
inherent  solar  radiance  sl0for  each  spectral  passband  was 
obtained  for  the  Rooftop  data  set  by  means  of  a  Langley  graph  on  an 
optically  stable  day  in  each  calibration  period.  Theoretical  inherent 
sun  values  were  used  for  the  other  two  data  sets.  The  theoretical 
values  and  their  computation  will  be  described  later. 

Occulting  Irradiometer 

During  one  of  the  field  experiments  included  in  the  Portable  data 
set  (at  the  Naval  Ordinance  Test  Station,  China  Lake,  California 
(NOTS)  in  1962),  an  irradiometer  with  an  occulting  metal  strap  (lower 
portion  of  Fig.  5)  was  used  to  obtain  both  the  transmittance  and  the 
downwelling  irradiance.  Since  the  two  occulted  sky  portions  are  very 
nearly  equal  in  irradiance,  the  difference  between  the  downwelling 
measurement  E'(0,d)  when  the  strap  is  near  the  azimuth  of  the  sun  and 
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Fig.  4.  The  sky  scanning  telephotometer  had  a  5°  field  of  view.  At 
the  beginning  of  the  scan  pattern  the  telephotometer  was  pointed  in 
the  direction  of  the  azimuth  of  the  sun,  87.1875°  in  zenith  angle 
(2.8125°  above  the  horizontal).  It  movad  azimuthal ly 
counterclockwise  in  64  discrete  steps  (a0  =  5.625°).  Then  it 
decreased  in  zenith  angle  by  5.625°,  and  repeated  the  pattern. 

After  rotating  azimuthally  at  16  zenith  argles,  the  pattern  was 
complete,  and  the  scanner  returned  to  the  initial  position. 
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the  sky  irradiance  measurement  with  the  sun  azimuth  occulted 
kE‘(0,d)  is  the  sun  irradiance  sE(0,d), 

sE(0,d;  =  E'(0,d)  -  kE'(0,d).  (12) 

The  corrected  sky  irradiance  kE(0,d)  was  obtained  by 

multiplying  the  measured  value  by  a  factor  C  to  correct  for 

occultation  by  the  metal  strap.  A  reasonable  estimate  of  the  factor  C 

was  obtained  by  assuming  a  constant  radiance  for  the  sky  and 

integrating  over  the  solid  angle  of  the  strap  to  obtain  the 

contribution  from  the  occulted  portion.  The  contribution  from  a 

constant  radiance  sky  if  there  were  no  stap  is  it,  therefore 

C  =  it/ [-rr  -  0;  cosQdfl].  (13) 

•  “m 

The  total  downwelling  irradiance  is  the  sum  of  the  sun  irradiance  and 
the  corrected  sky  irradiance. 

3.3  Contrast  Reduction  Meter  (CRM) 

An  instrument  was  developed  specifically  for  obtaining  the  path 
radiance  and  reflectance  for  the  vertically  downward  path  of  sight. 

This  instrument  was  designated  the  contrast  reduction  meter  or  the 
CRM.  A  sketch  of  the  geometrical  relationships  involved,  assuming 
that  b=90°  is  the  appropriate  sky  radiance  to  be  measured,  is  given  in 
Fig.  6.  A  photograph  of  the  device  is  given  in  Fig.  7  and  a  sketch  of 
the  layout  of  the  CRM  in  Fig.  8.  The  device  is  essentially  a  solar 
transmi ssometer  with  a  2  minute  field  of  view,  a  sky  radiance 
photometer  with  a  five  degree  field  of  view  and  total  downwelling 
irradiance  meter  combined  into  one  instrument.  A  detailed  description 
of  the  instrument  is  given  by  Duntley,  et  al . 

The  CRM  has  been  the  principal  instrument  used  by  the  Visibility 
Laboratory  to  gather  ground-truth  information  for  remote  sensing.  All 
the  reported  Portable  data  except  that  taken  at  NOTS  and  Pahrump  were 
measured  with  the  CRM,  as  were  all  the  Sea  Air  data. 

3.4  Spectral  Specifications  for  Measurements 

The  standard  spectral  response  Sx  of  the  sensor  times  the 
appropriate  filter  transmittance  Tx  for  the  four  passbands  used  for  the 
Rooftop  experiment  are  depicted  in  Fig.  9  as  relative  values.  The 
relative  spectral  response  S^T^  for  filter  3  is  the  photopic 
luminosity  function. 
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Fig.  6. 


Scattering  angle  relationships  for  typical  CRM  operations 
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Fig.  7.  Contrast  Reduction  Meter.  The  instrument  has  incorporated 
in  it  two  optical  systems,  one  having  a  field  of  view  of  2 
minutes  of  arc  for  measuring  apparent  radiance  of  the  sun,  and 
the  second  system  having  a  field  of  view  of  5°  for  measuring 
radiance  in  any  direction.  A  flat  plate  collector  mounted  on 
the  sunshade  of  the  second  optical  system  (as  shown  in  this 
figure)  converts  the  telephotometer  into  an  i rradiometer.  The 
multiplier  phototube,  which  is  enclosed  in  a  thermoelectric 
junction  temperature  control  unit  (in  the  cylindrical  aluminum 
cover),  is  coupled  to  the  optical  unit  (painted  white)  by  an 
optical  filter  unit  (the  short  black  anodized  cylinder).  The 
instrument  is  mounted  on  an  equatorial  mount  to  permit  easy 
tracking  of  the  sun. 
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Although  the  Portable  data  set  included  some  measurements  for  6 
passbands  in  the  visible,  only  the  values  for  the  photopic  passband 
filter  3,  are  included  herein. 

The  Sea  Air  data  set  used  two  passbands.  Filter  1  photopic,  and 
Filter  2  in  the  near  Infrared.  The  relative  spectral  responses  for 
these  two  filters  are  presented  in  Fig.  10. 

The  effective  passband  and  meanwavelength  for  each  filter  are 
presented  in  Table  1.  The  mean  wavelength  A  is 
I=EASxTxAA/6A  (14) 

where  the  cumulative  product  is  between  380  and  1150  nm  and  aa  is  5 
nm.  The  effective  passband  $A  is  the  area  under  the  relative  spectral 
response  curve. 

The  remaining  four  columns  are  theoretical  solar  and  atmospheric 
properties  appropriate  for  these  passbands.  The  sun  irradiance  for 
out-of-the  atmosphere  was  computed  using  the  spectral  solar  irradiance 
values  of  Johnson1^.  The  inherent  center  sun  radiance  is  based  on 
the  solar  spectral  irradiances  of  Johnson  and  the  spectral  limb 
darkening  functions  of  Minnaert33.  The  Rayleigh  vertical  radiance 
transmittance  is  based  upon  the  spectral  total  volume  scattering 
coefficients  from  Eq.  14  of  Penndorf34  using  the  refractive 
modulus  from  the  dispersion  formula  of  Edlen3®  and  the  sea  level 
scale  height  for  the  U.  S.  Standard  Atmosphere  19763®.  The  mean 
ozone  optical  thickness  values  are  based  on  the  spectral  values  per  cm 
of  Vigroux3^  which  are  in  good  agreement  with  the  Inn  and 
Tanaka3®  values.  The  mean  value  of  ozone  in  cm  is  for  the 
Visibility  Laboratory  site  as  taken  from  Wilcox,  et  al_39. 

Q 

These  computations  are  described  in  more  detail  in  Gordon  . 

4.  DATA 

4.1  Description  of  Data  Sets 

Details  of  site  location  and  experiment  dates  for  the  three  data 
sets  are  summarized  in  Table  2.  The  data  reported  herein  include 
partially  cloudy  as  well  as  cloudless  day  data.  In  all  cases  the  sun 
was  unobscured  as  was  the  portion  of  the  sky  used  for  the  orbital 
vertical  path  radiance  prediction.  In  addition  to  optical 
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STANDARD  SPECTRAL  RESPONSES 
PROJECT  SEA  AIR 


WAVELENGTH  (NH)  » 1 


.  10.  Relative  spectral  response  of  the  two  passbands  for  the 
Sea  Air  data  set.  The  passband  for  filter  1  is  photopic. 
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Table  1  Spectral  characteristics  summary  for  passbands  used  for 


Rooftop,  Portable  and  Sea  Air  data  sets. 


Spectral 

Character!-  sties 

Solar 

Rayleigh 

Mean 

Filter  Peak 

Mean 

Effec¬ 

Irradiance 

Center 

Vertical 

Ozone 

Desig-  Wave- 

Wave¬ 

tive 

Out-of- 

Sun 

Radiance 

Optical 

nation  length 

length 

Passband 

Atmosphere  Radiance 

Trans¬ 

Thick¬ 

(nm) 

(nm) 

(nm) 

(W/m^ym) 

(W/Om^ym) 

mittance 

ness 

Photopic 

*  555 

560 

106.8 

1890 

3.45xl07 

0.907 

0.0258 

Non-Photopic 

Rooftop 

1  450 

459 

58.1 

2080 

4.00xl07 

0.812 

0.0031 

2  500 

505 

151.9 

1950 

3.66xl07 

0.852 

0.0134 

4  630 

661 

61.8 

1590 

2.79xl07 

0.952 

0.0185 

Sea  Air 

2  870 

882 

313.6 

967 

1.42xl07 

0.982 

0.0001 

*  The  photopic  passband  filter  designations  are  Rooftop  3,  Portable  3 
and  Sea  Air  1.  The  value  for  the  photopic  passband  is  expressed  in 
radiometric  terms.  The  irradiance  may  be  converted  to  illuminance 
or  radiance  to  luminance  by  multiplying  by  72.62  luum/W. 


J.  r.  GORDON  AND  R.  W.  JOHNSON 


TABLE  2.  Site  locations  and  dates  of  measurement  for  the  three  data 

sets. 

Experiment  Location  Latitutude  Longitude  Dates 


Title 

(Degrees) 

(Degrees)  Begin 

End 

Rooftop  Data 

Set 

Rooftop 

San  Diego,  CA 

32.70 

N 

117.24 

W 

23Jan64 

4Sep64 

Portable  Data 

Set 

NOTS 

China  Lake,  CA 

35.75 

N 

117.75 

W 

16J  ul 6  2 

9Aug62 

Pahrump 

Nevada 

36.66 

N 

115.50 

W 

70ct63 

19May64 

Laredo  1 

Texas 

27.50 

N 

99.50 

W 

21Dec64 

25Jan65 

Laredo  2 

Texas 

27.50 

N 

99.50 

W 

26Jan65 

14Feb65 

Austral ia 

Carnarvon, Aust 

26.19 

S 

114.70 

E 

15Aug65 

27Aug65 

Laredo-Gem 

Texas 

28.20 

N 

99.80 

W 

22Aug65 

6Dec65 

Crater  Lake 

Oregon 

42.88 

N 

122.01 

W 

2Aug66 

4Aug66 

Colo  Springs 

Colorado 

39.00 

N 

105.00 

W 

8Sep66 

13Sep66 

Ramey  AFB 

Puerto  Rico 

18.25 

N 

67.00 

W 

19Sep66 

19Sep66 

Montgom  Fid 

San  Diego, CA 

32.81 

N 

117.01 

W 

17Feb67 

6Apr67 

CRM  Rooftop 

San  Diego, CA 

32.70 

N 

117.24 

W 

26Apr67 

2Jun67 

Sea  Air  Data 

Set 

Vis  Lab 

San  Diego.CA 

32.70 

N 

117.24 

W 

30Sep69 

29Jun70 

San  Clemente 

Cal ifornia 

32.94 

N 

118.53 

W 

18Nov69 

lApr70 

Whites  Point 

Los  Angel es,CA 

33.74 

N 

118.32 

W 

27Jul 71 

30J  ul 7 1 

Santa  Catalina  California 

33.44 

N 

118.50 

W 

4Aug71 

5Aug71 
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measurements,  historical  weather  records  in  the  form  of  local  surface 
observations,  radiosonde  data,  and  surface  and  500  mb  charts  were 


obtai ned , 


Rooftot 


Ground-based  automatic  instrumentation  was  developed  and 
experimental  data  taken  in  1964  for  a  project  concerning  ocean 
surveillance  from  satellites  by  the  Visibility  Laboratory  at  the 
University  of  California,  San  Diego.  A  large  body  of  data  (937 
observations)  was  measured  over  a  relatively  long  period  of  time  (23 
January  to  4  September),  covering  the  diurnal  daytime  solar  cycle. 


This  data  set  contains  measurements  of  vertical  radiance 


transmittance,  sky  radiance  and  downwelling  irradiance.  Measurement 
of  downwelling  irradiance  began  in  April.  The  downwelling  irradiances 
for  January  through  March  were  computed  from  the  scanner  radiances  and 
the  total  radiance  transmittance. 

The  weather  records,  from  nearby  Lindbergh  field,  were 
supplemented  by  all -sky  pictures.  About  100  data  packages  for  each  of 
the  four  passbands  were  measured  on  cloudless  days.  An  analysis  of 
the  relationship  between  the  meteorological  and  atmospheric  optical 
properties  has  been  reported  for  the  photopic  cloud-free  data  by 
Edgerton^0.  Also  an  analysis  of  the  data  for  optically  stable 
days  has  been  reported  by  Gordon  (Ref.  9). 

Portabl e 

During  the  period  1962  to  1967,  portable  instrumentation  was  used 
at  a  number  of  ground  stations  to  obtain  measurements  for  determining 
total  transmittance,  downwelling  irradiance  and  earth-to-space  path 
reflectance.  No  sky  radiances  were  measured  therefore  no  path 
reflectances  are  available  for  the  NOTS  field  experiment.  About  half 
the  Portable  data  were  for  the  photopic  passband  (353  observations  of 
transmittance  and  irradiance,  236  observations  of  path  reflectance). 

Some  of  the  early  data  (Pahrump)  were  used  for  the  verification 
of  the  path  reflectance  method,  Ref.  1.  Some  of  the  data  (Laredo  1, 
Laredo  2,  Australia,  Laredo  Gem)  were  measured  in  conjunction  with  the 
Gemini  project  reported  in  Ref.  4.  This  data  set  contains  all  the 
photopic  earth-to-space  transmittance  measurements  made  with  portable 
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instruments  between  1962  and  1967.  Except  for  NOTS  and  Pahrump,  the 
measurements  were  made  with  a  CRM. 

Sea  Air 

This  data  set  was  obtained  with  a  CRM,  between  30  September  1969 
and  5  August  1971,  for  a  NASA  project  concerning  the  remote  sensing  of 
sea  surface  roughness.  The  data  for  the  near  infrared  passband  were 
reported  by  Duntley,  et  al The  bulk  of  the  measurements 
(1062  data  packages)  were  made  at  the  Visibility  Laboratory.  Two 
other  locations  were  channel  islands  off  the  coast  of  California  [San 
Clemente  (70  observations)  and  Santa  Catalina  (26  observations)]  and 
the  remaining  location  (Whites  Point,  70  observations)  was  on  the 
mainland  near  the  Los  Angeles  sewer  outfall  west  of  the  harbor  at  San 
Pedro. 

4.2  Photopic  Measurements 

Each  of  these  three  data  sets  contain  photopic  measurements, 
comprising  the  largest  readily  available  data  based  for  any  one 
passband.  The  photopic  passband  data  describe  the  atmospheric 
limitations  on  the  capabilities  of  astronauts  to  see  objects  on  the 
surface  of  the  earth. 

Transmittance 

The  photopic  earth-to-space  radiance  transmittance  values  as  a 
function  of  solar  zenith  angle  are  summarized  in  Fig.  11.  The 
horizontal  line  is  the  Rayleigh  transmittance.  The  right  hand  scale 
on  each  graph  indicates  the  optical  thickness. 

The  symbols  in  the  Rooftop  graph  indicate  the  month  of  the 
measurement.  The  clustering  of  the  data  at  even  10°  increments  of 
zenith  angle  clearly  indicate  the  measurement  procedure  (data  taken 
every  10°  in  solar  zenith  angle).  Values  were  also  measured  at  solar 
noon,  therefore  the  values  at  the  smaller  solar  zenith  angles  show 
less  clustering.  It  is  appropriate  that  the  measured  photopic 
transmittances  are  always  less  than  the  Rayleigh,  since  the  upper 
limit  is  actually  0.884  [the  Rayleigh  (0.907)  times  the  mean  ozone 
absorption  transmittance  (0.974)]. 

In  the  graphs  for  the  Portable  and  Sea  Air  data,  the  symbols 
indicate  the  geographical  location  of  each  measurement.  The  Portable 
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and  Sea  Air  transmi ttances  indicate  an  apparent  decrease  of 
transmittance  with  decrease  of  solar  zenith  angle.  This  is  expected 
for  pyrohel iometer  data  on  days  when  the  monochromatic  transmittance 
is  constant  as  a  function  of  solar  zenith  angle  (the  day  is  optically 
stable),  because  transmittance  is  a  function  of  wavelength^. 

This  effect  is  small,  however,  for  the  photopic  filter  (less  than  3% 
for  a  transmittance  of  0.7  and  less  than  1%  for  a  Rayleigh 
transmittance).  Examination  of  the  Portable  data  indicates  that  most 
of  it  is  morning  data,  indicating  that  for  these  cases  the 
transmittance  decreased  from  morning  to  noon.  The  Sea  Air  data  were 
taken  both  morning  and  afternoon. 

A  vertical  transmittance  of  0.7  (0.36  optical  thickness)  is 
commonly  used  as  the  average  clear-day  photopic  transmittance.  The 
average  transmittance  for  the  Rooftop  was  0.75  and  the  average  for  the 
Portable  data  was  0.72. 

Irradi ance 

The  photopic  total  downwelling  irradi ance  values  are  graphed  in 
Fig.  12  for  the  three  data  sets.  These  graphs  are  coded  in  terms  of 
transmittance.  The  lower  curve  is  for  the  Brown^  average 
photopic  irradi ances  based  on  over  12,000  measurements  made  between 
1943  and  1947  all  over  the  world.  The  Brown  average  values  are 
generally  used  as  an  irradiance  standard  for  a  clear  day.  The  upper 
curve  on  each  graph  is  for  the  Rayleigh  atmosphere,  with  an  albedo  of 
1.0  in  an  attempt  to  provide  an  upper  limit.  The  photopic  Rayleigh 
irradi ances  were  computed  using  the  equilibrium  radiance  model 
atmosphere  equations^ ^  .  Most  of  the  measured  downwelling 
irradi ances  lie  between  these  two  curves  for  the  Rooftop  data  set  and 
cluster  about  the  Brown  curve  for  the  Portable  and  Sea  Air  data  sets. 
Path  Reflectance 

The  photopic  path  reflectance  for  the  earth-to-space  vertical 
path  is  graphed  as  a  function  of  solar  zenith  angle  in  Fig.  13.  These 
values  are  also  coded  in  terms  of  transmittance.  The  solid  curve  is 
for  the  photopic  Rayleigh  atmosphere  with  an  albedo  equal  to  zero 
assuming  a  scattering  angle  of  90°.  Again,  this  was  computed  using 
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the  equilibrium  radiance  model  equations.  Most  of  the  data  clearly 
lie  above  the  Rayleigh  values.  The  path  reflectance  is  strongly  a 
function  of  solar  zenith  angle  and  transmittance. 

It  is  useful  at  this  point  to  compare  these  values  to  the  average 
vertical  earth-to-space  reflectance  for  6=90°  computed  using  the 
equilibrium  radiance  model  atmosphere  equations  (Refs.  24  and  7)  with 
a  scalar  albedo  0.10.  A  scalar  albedo  of  0.1  can  be  considered  an 
average  terrain  albedo  for  fields.  The  proportional  volume  scattering 
functions  used  are  from  Barteneva^.  The  Barteneva  function 
classes  for  each  transmittance  are  summarized  in  Table  3.  The  ratio 
of  maximum  to  minimum  values  for  any  given  transmittance  and  solar 
zenith  angle  was  small  (1.08  to  1.37)  therefore  only  the  averages  are 
graphed  in  Fig.  14. 

Note  that  the  Barteneva  scattering  function  values  for 
transmittance  0.9  are  less  than  the  Rayleigh  values  (which  are  also 
for  albedo  0.1)  but  not  by  much.  This  is  due  to  scattering  function 
shape  differences.  The  model  values  clearly  indicate  the  dependence 
of  path  reflectance  upon  both  sun  zenith  angle  and  transmittance. 

4.3  Non-photopic  Measurements 

The  sample  non-photopic  measurements  are  taken  from  the  Rooftop 
data  set  filters  1,  2  and  4  and  Sea  Air  data  set  filter  2.  The  mean 
wavelengths  are  459,  505,  661  and  882  nm  with  effective  passbands  of 
58,  152,  62  and  314  nm  respectively.  Thus  both  of  the  filter  2 
passbands  (mean  wavelenghts  505  and  882  nm)  are  even  broader  band  than 
the  photopic  passband. 

Transmittance 

The  earth-to-space  radiance  transmittance  values  as  a  function  of 
solar  zenith  angle  for  the  non-photopic  passbands  are  summarized  in 
Fig.  15.  As  before  the  Rooftop  data  are  coded  in  terms  of  month  of 
measurement  but  the  Sea  Air  data  are  coded  in  terms  of  location  of 
measurement . 

Since  the  passbands  with  mean  wavelengths  of  505  and  882  nm  are 
broader  in  passband  than  the  photopic,  the  transmittance  on  optically 
stable  days  might  be  expected  to  decrease  with  solar  zenith  angle  more 
than  for  the  photopic.  However,  the  decrease  with  solar  zenith  angle 
is  similar  to  the  photopic  for  each  data  set  and  so  probably  this 
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effect  is  small  at  best. 

The  Rayleigh  times  mean  ozone  transmittance  values  are  0.809, 
0.841,  0.935  and  0.982  respectively  and  all  transmi ttances  are  less 
than  these  values.  However,  the  two  passbands  with  mean  wavelengths 
of  661  and  882  nm  can  be  expected  to  be  affected  by  O2  and  H2O 
gas  phase  absorption  bands  as  well  as  the  ozone  continuum.  A  useful 
graph  to  evaluate  the  potential  absorption  from  gas  phase  sources 
(atomic  and  molecular  absorption)  in  the  visible  spectrum  is  given  in 
Fig.  16  from  King,  et  al ^ .  The  passband  with  mean  wavelength 
661  nm  contains  two  oxygen  absorption  bands  as  well  as  a  small  water 
vapor  absorption  band.  The  passband  with  mean  wavelength  882  nm 
contains  one  strong  oxygen  absorption  band  and  two  strong  water  vapor 
absorption  bands.  All  the  measured  transmi ttances  for  these  two 
passbands  are  sufficiently  below  the  Rayleigh  times  ozone 
transmittance  values  to  allow  for  the  additional  absorption. 

Irradiance 

The  total  downwelling  irradiance  values  for  the  non-photopic 

passbands  are  graphed  in  Fig.  17.  These  graphs  are  coded  in  terms  of 

transmittance.  The  values  for  the  passbands  with  mean  wavelengths  459 
% 

and  505  are  very  similar  to  the  photopic  values.  If  the  graphs  are 
superimposed,  the  values  lie  between  the  two  curves  on  the  photopic 
graph  at  the  smaller  solar  zenith  angles. 

The  values  for  the  passbands  with  mean  wavelength  661  and  882  nm 
are  clearly  less  than  the  photopic  values.  The  decrease  with  mean 
wavelength  is  similar  to  the  decrease  in  sun  irradiance  out  of  the 
atmosphere  with  mean  wavelength.  The  values  for  passband 
meanwavel ength  661  nm  lie  below  the  Brown  values  at  the  smaller  zenith 
angles  but  are  still  above  10^  W/m^ym.  However,  the  882  nm 
passband  values  are  all  less  than  10^  W/m^ym. 

The  irradiance  values  for  all  four  non-photopic  passbands  vary 
strongly  as  a  function  of  sun  zenith  angle  in  a  manner  similar  to  the 
photopic  Brown  curve. 

Path  Reflectance 

The  path  reflectance  for  the  earth-to-space  vertical  path  is 
graphed  as  a  function  of  solar  zenith  angle  for  the  non-photopic 


Fig.  16.  (Fig.  1  from  Ref.  26)  Slant  path  absorption  and 

transmission  through  the  atmosphere  (at  a  resolution  of  2.5  nm) 
as  obtained  from  high  resolution  spectra  in  the  Utrecht 
Photometric  Atlas  (after  Moore,  et  al . ,  Ref.  27).  Bands 
at  0.63,  0.69  and  0.76  um  are  due  to  oxygen  absorption  while  all 
remaining  bands  are  due  to  water  vapor  absorption.  The  air  mass 
varies  with  wavelength  \  but  is  everywhere  less  than  2.22. 
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passbands  in  Fig.  18.  These  are  again  coded  in  terms  of 
transmittance.  The  decrease  of  path  reflectance  with  mean  wavelength 
of  filter  is  pronounced,  being  roughly  a  factor  of  4  to  1  from  mean 
wavelength  459  to  mean  wavelength  661.  The  non-photopic  path 
reflectances  clearly  indicate  the  dependence  upon  both  sun  zenith 
angle  and  transmittance  as  did  the  photopic. 

5.  APPLICATIONS 

Although  these  data  were  primarily  measured  to  provide  ground 
truth  for  specific  remote  sensing  projects,  they  provide  a 
sufficiently  large  data  base  with  which  to  evaluate  the  expected  range 
of  variables  as  a  function  of  solar  zenith  angle,  wavelength,  and  over 
a  number  of  seasons. 

By  combining  Eq.  10  with  Eq.  9  we  get  an  equation  which  relates 
the  path  reflectance  to  the  masking  effect  of  the  veiling  light 
scattered  into  the  path  of  sight 

R.(-,9,0KRo(O,9,0)+R*(-,9,0)]T.(-,9)  .  (15) 

This  equation  separates  the  signal  received  at  orbital  altitude  into 
the  proportion  which  is  image  forming  light  and  the  proportion  due  to 
the  veiling  effect  of  the  atmosphere.  Thus  if  the  path  reflectance  is 
equal  to  or  greater  than  the  inherent  reflectance  of  the  object,  the 
resultant  signal  will  be  half  or  more  than  half  scattered  light. 

We  have  presented  values  for  vertical  path  reflectance.  They  can 
be  made  applicable  to  other  downward  paths  of  sight  with  scattering 
angles  i90°  by  multiplying  by  the  ratio  [T—(<» ,9) -1  ,  180 ) -13 

Rl(-,9,0)=Rl(-,18Oo)[T„(.,9)-l-l]/[T;(-,18Oo)-1-l].  (16) 

This  ratio  has  been  evaluated  neglecting  earth  curvature  and 
refraction  effects  for  vertical  transmittances  0.95  through  0.5  and 
paths  of  sight  150°  through  115°  and  is  presented  in  Fig.  19.  The 
factor  is  less  than  2  for  paths  of  sight  150°  and  135°  but  is  greater 
than  2  for  120°  and  115°.  Earth  curvature  and  refraction  effects 
would  be  negligible  for  orbital  altitudes  up  to  200  km  for  zenith 
angles  150°  and  135°. 
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I.  19.  Ratio  to  apply  to  vertical  path  reflectance  in  order  for 
it  to  become  applicable  to  slant  paths  of  sight.  Ratio 
presented  as  a  function  of  vertical  radiance  transmittance  and 
slant  path  angle  for  various  earth-to-space  downward  paths  of 
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6.  SUMMARY 

Path  radiance  is  the  radiance  scattered  into  the  path  of  sight 
from  all  4n  directions.  This  radiance  is  not  generally  the  same  in 
both  directions  along  the  same  path,  however,  a  method1  is 
available  whereby  the  path  radiance  from  earth  to  space  can  be 
predicted  from  ground-based  measurements.  Path  reflectance  combines 
the  effects  of  path  radiance,  downwelling  irradiance  and  radiance 
transmittance.  An  equation  to  determine  apparent  object  reflectance 
was  derived  which  relates  the  path  reflectance  to  the  masking  effect 
of  the  veiling  light  scattered  into  the  path  of  sight  for  any  inherent 
object  reflectance. 

An  instrument,  developed  specifically  for  obtaining  the  path 
radiance  and  reflectance  for  the  vertically  downward  path  of  sight, 
has  been  in  use  for  some  20  years.  The  contrast  reduction  meter  or 
CRM  was  designed  for  gathering  ground-truth  information  for  satellite 
problems  and  has  been  the  principal  instrument  used  by  the  Visibility 
Laboratory  for  this  purpose. 

Three  data  sets  were  presented.  They  ranged  from  data  taken 
during  the  early  development  of  the  earth-to-space  method  to  data 
taken  to  provide  ground  truth  for  remotely  sensed  measurements. 

Values  were  presented  for  vertical  downward  path  reflectance,  but  they 
can  be  made  applicable  to  downward  slant  paths  of  sight  by  means  of  a 
correction  factor  (a  function  of  the  radiance  transmittance  and  slant 
path  angle) . 

Although  these  data  were  primarily  measured  to  provide  ground 
truth  for  specific  remote  sensing  projects,  they  provide  a 
sufficiently  large  data  base  with  which  to  evaluate  the  expected  range 
of  variables  as  a  function  of  solar  zenith  angle,  wavelength,  and  over 
a  number  of  seasons. 

Path  reflectance  takes  into  consideration  two  concerns  of 
atmospheric  transparency  determination:  the  loss  of  image  forming 
light,  and  the  veiling  effect  of  scattered  light.  It  is  a  convenient 
and  powerful  way  of  expressing  both  the  loss  and  gain  for  the  image 
formi ng  signal . 
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Aerosol  scattering  and  absorption  optical  thickness  I. 

From  ground-based  measurements  during  optically  stable  clear  days. 

By 

Jacqueline  I.  Gordon 

Viz.  Ability,  Inc.,  2941  NW  Ashwood  Drive,  Corvallis,  Oregon  97330-1255 

ABSTRACT 

This  is  the  first  paper  of  a  two  part  series.  The  combined  measurements 
from  a  solar  transmi ssometer  and  sky  scanner  allow  the  isolation  of  aerosol 
scattering  and  absorption  optical  thickness  in  the  visible  portion  of  the 
spectrum.  With  this  combination  one  can  obtain  values  for  broad  or  narrow 
passbands,  within  or  not  within  absorption  windows.  With  an  accurate  value 
for  aerosol  scattering  optical  thickness  available,  the  optical  scattering 
mixing  ratio,  modified  Angstrom  equation,  and  total  and  aerosol  single 
scattering  albedo  help  detail  the  state  of  the  atmosphere.  We  found  that 
aerosol  absorption  can  be  significant  even  on  days  of  greater  transparency 
than  the  average  clear  day. 

1.  INTRODUCTION 

This  is  the  first  paper  of  a  two  part  series  investigating  aerosol 
scattering  and  absorption  in  the  visible.  A  method  for  obtaining  aerosol 

scattering  optical  thickness  for  the  total  atmosphere  was  described  earlier  by 

1  2 
the  author  ,  a  simplification  of  the  work  of  Livshits  and  Pavlov  . 

This  method  uses  a  combination  of  the  sky  scanner  and  solar  transmi ssometer  to 

obtain  values  of  aerosol  scattering  optical  thickness  for  broad  or  narrow 

passbands,  within  or  not  within  absorption  windows. 

The  data  set  used,  though  old,  is  sufficiently  complete  that  new  methods 
of  data  retrieval  could  be  applied  to  obtain  values  of  total  optical 
thickness,  aerosol  scattering  optical  thickness,  and  aerosol  absorption 
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optical  thickness.  Prior  investigations  using  the  data  ignored  the  separate 

roles  of  aerosol  scattering  and  absorption. 

Our  study  will  show  that  there  can  be  measureable  absorption  in  portions 

of  the  visible  spectrum  generally  thought  to  be  windows.  The  notation  used  i 

3 

that  adopted  by  the  Visibility  Laboratory  and  modified  to  correspond  to 

Optical  Society  of  America  recommendations  in  Sec.  1  of  Driscoll  and 
4 

Vaughan  . 

Data  Set  Description 

Automatic  equipment  was  developed  and  the  experimental  data  were  taken 
apropos  ocean  surveillance  from  satellites  by  the  Visibility  Laboratory  at 
University  of  California,  San  Diego  in  1964.  Ground-based  observations  were 
made  between  23  January  and  4  September  (covering  the  diurnal  daytime  solar 
cycle).  Only  the  data  from  optically  stable  days  will  be  used  and  discussed 
in  this  article.  There  are  9  optically  stable  days,  comprised  of  228 
measurement  packages. 

In  addition  to  historical  weather  records  from  the  nearest  weather 
station,  optical  measurements  were  supplemented  by  all  sky  pictures.  An 
analysis  of  the  relationship  between  the  meteorological  and  the  atmospheric 
optical  properties  has  been  reported  for  the  photopic  cloud-free  data  by 

5 

Edgerton  . 

2.  INSTRUMENTATION 

Since  there  is  no  report  describing  the  instruments,  a  brief  description 
will  be  given  here.  A  sky  scanner,  solar  transmissometer,  sun  azimuth 
computer,  and  all -sky  camera  were  placed  on  the  rooftop  of  a  building  at  the 
Visibility  Laboratory  (124  m  above  sea  level)  on  Point  Loma,  a  penninsular 
area  in  San  Diego,  California. 
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2.1  Radiometric  Systems 


Each  radiometric  instrument  had  a  photoelectric  system  consisting  of  a 
optically  filtered  multiplier  phototube  and  a  pseudo-logarithmic  Sweet  type 
photometer  circuit. 

Solar  Transmi ssometer 

The  telephotometer  measured  the  apparent  radiance  of  the  center  of  the 
sun.  The  instrument  was  designed  so  that  diffraction  effects  were  small.  Two 
small  holes  separated  by  50  inches  formed  a  Gershun  tube  with  a  small  field  of 
view  (approximately  4  minutes  of  arc).  The  transmi ssometer  was  aligned  by  a 
clock  drive  and  the  alignment  checked  by  an  attendant  immediately  prior  to  the 
collection  of  each  data  package. 

Sky  Scanner 

A  sky  scanning  telephotometer  was  used  to  measure  the  sky  radiance 
distribution.  This  unit  was  basically  a  small  telescope  with  a  sunshade  and 
baffles  to  reduce  stray  light.  The  unit  had  a  5°  field  of  view. 

Two  movable  prisms  driven  by  stepping  motors  scanned  optically.  At  the 
beginning  of  the  scan  pattern  the  telephotometer  was  pointed  toward  the 
azimuth  of  the  sun.  When  one  revolution  (64  steps  in  azimuth)  was  complete, 
the  zenith  angle  unit  took  a  1/64  of  a  revolution  step.  A  complete  hemisphere 
scan  took  1.71  minutes  and  consisted  of  1024  discrete  positions.  Data  from 
340  overlapping  fields  of  view  were  suppressed. 

2.2  Subsidiary  Instruments 

The  scanner  "home"  position  was  slaved  via  a  follow-up  servo  to 
information  provided  by  the  sun  azimuth  computer.  The  sun  azimuth  computer 
was  a  small  analog  computer  which  continually  computed  the  azimuth  and  zenith 
angles  of  the  sun  and  started  an  automatic  data  logger  at  each  10°  interval  of 
solar  zenith  angle  and  at  solar  noon. 
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The  automatic  data  logger  took  data  in  the  following  spectral  order: 
filter  2,  4,  3  then  1;  mean  wavelengths  505,  661,  560,  and  459  nm 
respectively.  The  entire  process  for  the  four  spectral  regions  took  6  minutes 
and  57.2  seconds.  Once  during  each  data  period  the  automatic  data  logger 
triggered  an  all  sky  camera  for  a  photographic  record  of  the  sky  condition. 

2.3  Spectral  Specifications  of  Radiometric  Data 

The  standard  spectral  responses  S^T^  for  the  radiometric  measurements  for 
filters  1,  2,  and  4  were  based  upon  the  tube  sensitivity  Sx  and  the  filter 
transmittance  Tx  for  the  solar  transmissometer.  The  spectral  response  for 
filter  3  is  the  photopic  luminosity  function  y^.  The  spectral 
passbands  for  the  two  instruments  were  equivalent. 

The  effective  passband  and  mean  wavelength  for  each  passband  are  presented 
in  Table  1.  The  mean  wavelength  T  is 

I«n  sxTxaa/<5A.  (l) 

where  the  cumulative  product  is  between  380  and  1100  nm  and  AA  is  5  nm. 
Effective  passband  6A  is  the  area  under  the  relative  spectral  response  curve. 
The  relative  spectral  responses  of  the  four  passbands  are  presented  in  Fig.  1. 

The  remaining  four  columns  in  Table  1  are  solar  and  atmospheric  properties 
appropriate  for  these  broad  passbands.  The  details  of  the  derivation  of  the 
solar  and  atmospheric  properties  will  be  explained  later. 

2.4  Radiometric  Calibrations 

The  calibration  procedure  used  standard  photometric  practices,  a  3-meter 
optical  bench,  and  incandescent  standards  of  luminous  intensity  traceable  to 
the  National  Bureau  of  Standards.  Each  instrument  was  calibrated  five  times 
during  the  experiment  period.  The  linearity  calibrations  extended  over  a 
radiance  span  of  5  log  cycles.  At  the  center  of  the  span,  the  precision  was 


estimated  to  be  1%. 


An  independent  measure  of  the  absolute  calibration  precision  and  accuracy, 
and  change  within  a  given  calibration  period  can  be  obtained  for  the  solar 
transmissometer.  Inherent  center  sun  radiance  values  were  obtained  from 
measured  apparent  center  sun  radiances  using  the  Langley  method  on  optically 
stable  days.  The  ratio  of  these  values  to  the  average  per  calibration  period 
per  passband  had  a  standard  deviation  (STD)  of  0.035  (using  a  total  of  32 
ratios  or  n=32).  This  an  indication  of  the  day-to-day  variability  of  the 
absolute  calibration  of  the  phototube. 

A  theoretical  value  for  the  inherent  center  sun  radiance  in  each  passband 
is  given  in  Table  1.  The  ratio  of  the  average  inherent  center  sun  radiance 
obtained  by  the  Langley  method  for  each  calibration  period  to  the  theoretical 
value  was  computed.  This  ratio  can  be  either  an  indicator  of  the  adequacy  of 
the  theoretical  value  or  the  accuracy  of  the  absolute  calibration.  The  ratio 
was  clearly  a  function  of  the  passband.  The  average  ratio  per  passband  was  ' 
0.978,  1.073,  1.125  and  1.009,  with  an  STD  per  passband  of  0.014,  0.023,  0.034 
and  0.039  for  the  passbands  with  mean  wavelengths  459,  505,  560  and  661  nm 
respectively. 

3.  DATA  ANALYSES 

The  cloud-free  data  packages  were  tested  to  determine  the  optically  stable 
days.  The  data  from  the  optically  stable  days  were  then  used  to  evaluate 
various  methods  for  obtaining  optical  thickness.  Because  the  data  were  from 
optically  stable  days,  estimates  of  precision  could  be  obtained  in  the  form  of 
the  STD  from  the  average  for  each  filter  for  each  day  as  well  as  for  all  four 
filters. 

3.1  Optically  Stable  Days 

A  day  is  considered  to  be  optically  stable  when  the  atmospheric  radiance 


transmittance  T  (z,0)  [or  total  optical  thickness  t  (z)]  does  not 
change  with  time.  The  transmittance  is  related  to  the  optical  thickness  by 
t-(z)  =  -1  n[Ta>(z,0)]  .  (2) 

There  were  9  optically  stable  days  in  the  rooftop  data  set  with  measurements 
over  a  sufficiently  large  range  of  sun  zenith  angle  such  that  a  least  squares 
fit  to  a  Langley  (or  Bouger)  equation  (Eq.  19,  Ref.  1)  could  be  employed. 

In  sL-(z,0s,O)  =  In  SLQ(-)  -  m(0$)  tjz).  (3) 

The  sLa>(z,0s,O)  is  the  apparent  radiance  of  the  sun  as  measured 
by  the  solar  transmissometer  at  altitude  z=0,  zenith  angle  of  the  sun  0s> 
and  azimuth  from  the  sun  0»O.  The  s>-0(*)  is  the  inherent  radiance  of 
the  sun,  and  m(0$)  is  the  relative  optical  airmass^.  The  average 
correlation  coefficient  of  the  data  to  the  above  equation  was  -0.998.  The 
coefficients  for  all  four  filters  for  all  the  optically  stable  days  were 
averaged  (a  total  of  36  coefficients  or  n»36). 

Values  of  total  optical  thickness  based  on  the  least  squares  fits  to  Eq.  3 
are  given  in  Table  2  for  all  four  filters  on  the  nine  optically  stable  days. 

The  vertical  radiance  transmittance  in  the  photopic  ranged  from  0.777  to  0.854. 
A  vertical  transmittance  of  0.7  is  commonly  used  as  the  average  clear-day 
photopic  transmittance.  Thus  all  nine  days  were  more  transparent  than  the 
average  clear  day. 

Solar  Almucantar 


An  almucantar  is  the  portion  of  the  sky  at  a  constant  zenith  angle.  The 


solar  almucantar  is  the  sky  at  the  constant  zenith  angle  of  the  sun  0$. 


When  a  day  is  optically  stable  it  is  possible  to  use  solar  almucantar  values  to 
determine  the  scattering  angle  from  the  sun  8  at  which  sky  radiance 
measurements  contain  spurious  sun  reflections  for  a  photometer  (Kef.  1).  This 
also  demonstrates  optical  stability. 
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Since  the  sky  radiance  values  were  measured  at  set  azimuth  and  zenith 


angles  rather  than  at  set  scattering  angles,  values  of  sky  radiance  at 
scattering  angles  10°  through  55° ,  A8=5°,  were  first  interpolated  for  the  solar 
almucantar  from  azimuths  from  the  sun  0°  to  180°  and  180°  to  360°  and  then 
averaged.  The  three  tests  illustrated  in  Figures  2,  3  and  4  for  photopic  sky 
radiances  on  February  21,  1964,  were  applied  to  all  the  interpolated  sky 
radiances  for  all  four  spectral  passbands. 

Test  One.  A  graph  of  u(z,&)  versus  m(9$)  should  be  a  horizontal 
straight  line  (Eq.  3  and  Fig.  5a,  Ref.  1).  The  u(z,8)  is  defined  as 
u(z,B)  3  L*(z,9s,B)/[se(z)m(9s).  (4) 

The  (z)  is  the  sun  scalar  irradiance.  A  scalar  irradiance  is  not 
weighted  by  the  cosine  as  is  the  irradiance.  Solar  scalar  irradiance  was 
computed  from 

se(z)  -  $7(-)  exp[-t_(z)m(9s)]  (<|//7)2.  (5) 

The  total  optical  thicknesses  are  the  values  from  Table  2  based  on  Eq.  3.  The 
is  the  solar  radius  for  the  date  of  measurement  and  Ip  is  the  mean  solar  radius. 
(This  is  equivalent  to  using  the  ratio  of  the  square  of  the  solar  distances.) 

The  $  (•)  is  the  solar  irradiance  out-of-the  atmosphere  at  mean  solar 
distance.  Values  for  each  passband  are  given  in  Col.  5  of  Table  1.  The 
values  for  each  passband  were  computed  from 

s7(-)  *  r  s7xSxTxa\/5X  ,  (6) 

where  is  the  spectral  solar  irradiance  from  Johnson^. 

Test  Two.  This  is  really  only  a  variant  of  Test  One.  A  graph  of 

★ 

l.(z,9,8)/se(z)  versus  m(9s)  should  be  a  straight  line  with  intercept  at  the 
origin  (Eq.  2.5  and  Fig.  5b,  Ref.  1). 

Test  Three.  A  graph  of  the  solar  almucantar  sky  radiance  for  a  constant 


angle  from  sun  8  versus  exp[l/m(9  )]  should  maximize  at  the  solar  zenith 


angle  9j.  In  Eq.  28  and  Fig.  6  of  Ref.  1, 

exp[-l/m(9‘ )]  =  T  (0,0).  (7) 

b  • 

The  vertical  radiance  transmittance  T  (0,0)  is  0.854  for  the  data  graphed 

in  Fig.  4.  Therefore  9$'  should  be  81.275°  which  is  slightly  larger 

than  the  sun  zenith  angle  for  any  of  the  photopic  measurements  on  21  February. 

These  three  tests  for  all  four  passbands  for  all  9  optically  stable  days 
consistently  indicated  that  the  sky  radiances  from  15°  through  55°  scattering 
angle  from  the  sun  are  valid  but  that  the  10°  3  radiances  contained  spurious 
sun  reflections.  A  second  series  of  interpolated  solar  almucantar  radiances 
for  11°  through  14°,  &8-l°,  indicated  that  the  interpolated  values  from  11°  to 
14°  were  less  consistent  as  to  the  onset  of  spurious  sun  reflections.  This 
inconsistency  is  probably  due  to  these  being  interpolated  rather  than  directly 
measured  values.  To  be  consistent,  the  critical  angle  for  the  sky  radiance 
photometer  was  assumed  to  be  15°  and  all  sky  radiance  values  measured  at  closer 
angles  to  the  sun  were  assumed  to  contain  a  spurious  component. 

Obtaining  optical  thickness  from  solar  almucantar  radiances  could  be 
considered  a  fourth  test  for  spurious  sun  reflections. 

Total  Optical  Thickness  from  Solar  Almucantar  Radiances 

On  optically  stable  days  the  total  optical  thickness  can  also  be  obtained 
from  the  solar  almucantar  radiance  at  a  set  angle  from  the  sun  (Eq.  21,  Ref.  1) 
log[L*(z,9s,0)/m(9s)>  m(9$)  logT-(z,0°)  +  log  A,  (8) 

where  A  is  a  constant.  Figure  5  contains  a  graph  of  the  log  of  the  ratio  of 
the  solar  almucantar  divided  by  the  airmass  plotted  versus  the  airmass.  The 
slope  of  the  straight  line  is  a  function  of  the  optical  thickness 
[logT-(z,0°)  =  tJz)/2.303  ]. 

Thus  the  values  interpolated  from  15°  to  55°  every  5°  in  3  could  be  used 


to  obtain  the  optical  thickness  as  illustrated  in  Fig.  5.  The  average 
correlation  coefficient  of  the  interpolated  almucantar  values  to  the  above 


equation  was  -0.972  (n=324).  The  fractional  STD  of  the  transmittance  for  each 
8  from  the  average  per  day  per  filter  was  0.8%.  The  average  ratio  of  the 
transmittance  from  the  solar  almucantar  (Eq.  8)  to  that  derived  from  the  solar 
transmissometer  radiances  (Eq.  3)  was  1.017. 

Figure  5  also  illustrates  what  happens  when  the  10°  8  data  containing 
spurious  sun  reflections  are  in  this  form.  The  curve  is  not  a  straight  line, 
the  correlation  coefficient  is  low,  and  the  slope  is  not  equivalent  to  the 
optical  thickness  obtained  from  the  sun  radiance  measurements. 

3.2  Components  of  Total  Optical  Thickness 

The  total  optical  thickness  has  two  basic  components,  the  scattering 
optical  thickness  st_(z)  and  the  absorption  optical  thickness 
„t  (z).  In  addition,  each  of  these  components  can  be  divided  into  a 

a  ® 

gas  phase  component  and  an  aerosol  component.  The  word  aerosol  is  used  herein 
to  describe  the  liquid  and/or  solid  particulates  exclusive  of  the  gas  phase  in 

Q 

which  they  are  embedded.  This  is  consistent  with  Prospero,  et  al . 

Total  Scattering  Optical  Thickness 

The  total  scattering  optical  thickness  can  be  obtained  from  the  ratio  of 
sky  radiances  measured  at  55°  scattering  angle  from  the  sun  (Eq.  59,  Gordon 

Q 

and  Johnson  ) 

L*(z,9,55B)/L*(z,9,,558Kl-sT-(z,0)]/Cl-sT-(z,9,)].  (9) 

Although  this  equation  cannot  be  solved  directly,  it  can  be  solved  by 
iteration.  The  total  scattering  optical  thickness  is  then  computed  from  the 
resultant  scattering  transmittance  using  Eq.  2.  Since  the  sky  radiances  were 
not  measured  directly  at  8  equal  to  55°,  the  sky  radiances  for  each  zenith 
angle  were  interpolated  as  described  earlier.  The  sky  radiances  for  zenith 
angle  82.5°  were  used  for  the  9  in  Eq.  9.  For  9',  the  almucantars  for  all 
zenith  angles  from  2.5  to  47.5  were  tested  and  used  if  they  contained  8=55°. 
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The  resultant  scattering  transmittances  based  upon  each  almucantar  were  then 
averaged  for  each  sun  zenith  angle. 

The  values  of  scattering  transmittance  for  each  solar  zenith  angle  were 
divided  by  the  average  for  the  day.  The  overall  fractional  STD  was  0.0269 
(n=214).  This  is  equivalent  to  the  STD  for  the  optical  thickness. 

Comparison  to  Total  Optical  Thickness.  One  test  of  the  accuracy  and 
precision  of  any  scattering  optical  thickness  method  is  to  compare  the  average 
for  each  optically  stable  day  to  the  total  optical  thickness  values  in  Table  2. 
The  difference  should  be  the  total  absorption 

atjz)  =  tjz)  -$t Jz).  (10) 

Approximately  a  quarter  of  the  resultant  absorptions  when  the  total  scattering 
is  based  on  Eq.  9,  were  negative  indicating  that  the  precision  of  the  derived 
optical  thickness  is  inadequate  for  obtaining  reasonable  individual  absorption 
values.  This  is  not  surprising  since  the  STD  0.0269  is  of  the  same  order  of 
magnitude  as  the  expected  absorption  values. 

The  total  scattering  optical  thickness  can  also  be  expressed  as  the  sum  of 
the  Rayleigh  optical  thickness  and  the  aerosol  scattering  optical  thickness. 
Rayleioh  Scattering  Optical  Thickness 


The  gas  phase  scattering  (the  molecular  or  Rayleigh  scattering)  is  readily 
obtainable  by  computation.  Appropriate  values  of  Rayleigh  vertical  radiance 
transmittances  rTm(D,0)  for  the  four  passbands  computed  using 
Zexp(-Rs  H)  L  S T AA 

dT  (0,0) - _  _  s  x  *  * 

'sW4*  (“) 

are  given  in  Col.  7  of  Table  1.  The  spectral  total  volume  scattering 

coefficients  Rs^  are  from  Eq.  14  of  Penndorf^  using  the  refractive 

modulus  from  the  dispersion  formula  of  Edlen^.  The  sea  level  scale  height 

i  ? 

H  is  for  the  U.  S.  Standard  Atmosphere  1976  . 


The  Rayleigh  transmittance  obtained  from  Eq.  11  is  for  use  with  the 
measurements  from  the  solar  transmi ssometer  which  measured  the  center  sun 
radiance  SL.  The  center  sun  values  for  each  passband  are  computed  from 

sLX  =  seX^sflIV* 

The  n  is  the  solid  angle  of  the  sun  at  mean  solar  distance  and  D.  is  the 

S  A 
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spectral  limb  darkening  factor  based  on  limb  darkening  functions  of  Minnaert  . 
Aerosol  Scattering  Optical  Thickness 

The  aerosol  scattering  optical  thickness  can  be  obtained  from  solar 
almucantar  radiances  using  Eq.  44  from  Ref.  1 

Mtjz)  =  4*  Cu(z,55)  -  u(z,125)],  (13) 

where  u(z,0)  is  defined  by  Eq.  4.  Although  this  is  an  approzimative  method  it 
is  powerful  since  it  yields  an  answer  directly  in  aerosol  scattering  optical 
thickness  rather  than  transmittance. 

Since  the  radiances  were  not  measured  directly  for  the  solar  almucantar  at 
55°  and  125°  scattering  angle,  these  values  were  obtained  by  interpolation  as 
described  earlier.  Since  the  largest  0  is  at  180°  azimuth,  62.5°  is  the 
smallest  solar  zenith  angle  for  which  125°  0  can  be  obtained.  Thus,  for  each 
day,  fewer  values  of  aerosol  optical  thickness  were  obtained  than  values  of 
other  optical  thicknesses. 

Dependence  on  Absolute  Calibration.  Error  analysis  of  Eq.  13 
indicates  that  the  error  of  the  aerosol  scattering  optical  thickness  is 
directly  dependent  on  the  error  in  the  absolute  calibration  of  the  sky  radiance 
photometer.  All  the  previous  methods,  for  obtaining  the  total  optical 
thickness  Eqs.  3  and  8  and  the  total  scattering  optical  thickness  Eq.  9,  were 
independent  of  the  absolute  calibration  of  the  instrument.  In  the  first  two 
methods  the  slope  of  the  line  is  the  optical  thickness;  in  the  last,  the  ratio 


of  two  sky  radiances  is  used. 
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There  were  three  indications  of  an  unacceptably  large  absolute  error  in 
the  sky  radiance  photometer  calibration  for  March  9  and  11.  First,  no 
measurements  of  sky  radiance  for  filter  4  were  available  for  a  large  section  of 
the  sky  near  the  azimuth  180°  from  the  sun  (approximately  half  of  the  sky) 
where  the  lowest  radiances  should  have  been  recorded.  Second,  the  absorption 
optical  thickness  obtained  using  Eq.  10  was  negative  for  two  of  the  measureable 
passbands  for  March  9  and  substantially  negative  for  all  three  measureable 
passbands  for  March  11.  Third,  total  scattering  optical  thickness  computed 
from  the  aerosol  scattering  optical  thickness  and  the  Rayleigh  values 

sU2)  3  m1-(z)  +  Rt-(z)  (14) 

did  not  compare  well  to  the  values  derived  by  the  sky  ratio  method  (Eq.  9)  for 

March  9  and  11. 

Thus  the  aerosol  scattering  optical  thickness  values  are  only  available  for 
seven  days.  These  values  are  given  in  Table  2.  The  individual  values  of 
aerosol  scattering  optical  thickness  were  divided  by  the  average  for  the  day. 
The  resultant  fractional  STD  was  0.147.  Since  the  average  aerosol  scattering 
optical  thickness  was  0.0492,  this  translates  to  a  STD  of  0.0072  (n=75). 

For  comparison  purposes,  the  scattering  optical  thickness  from  the  sky 
ratio  (Eq.  9)  was  divided  by  the  values  obtained  using  Eq.  14  as  was  described 
above.  The  average  ratio  for  the  seven  days  for  filter  3  was  1.014  with  an  STD 
of  0.054  (which  translates  to  a  STD  in  optical  thickness  of  0.008  which  is 
similar  to  the  STD  for  the  aerosol  scattering  optical  thickness).  The  overall 
average  ratio  for  all  four  filters  is  a  bit  higher,  1.11  with  a  STD  of  0.141 
(which  translates  to  an  STD  in  optical  thickness  of  0.0277  which  is  similar  to 
the  STD  for  the  total  scattering  optical  thickness  derived  by  the  sky  ratio 
method).  The  ratio  of  the  two  scattering  values  for  March  9  and  11  was  well 
beyond  the  STD  based  upon  the  data  for  the  other  seven  days. 


m* 
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From  here  on  only  the  data  from  these  seven  days  will  be  used  and 
discussed.  Scattering  optical  thicknesses  will  be  based  on  Eq.s  13  and  14. 

The  accuracy  and  precision  of  these  data  (STD  0.0072)  substantiates  the 
validity  of  the  aerosol  scattering  optical  thickness  values  even  though  the 
actual  thickness  values  are  quite  small.  With  the  aerosol  scattering  optical 
thickness  value  thus  available,  a  better  picture  of  the  state  of  the  atmosphere 
can  be  obtained. 

Effective  Optical  Scattering  Mixing  Ratio.  The  optical  scattering 

mixing  ratio  is  one  means  of  describing  aerosol  effects.  The  optical 

14 

scattering  mixing  ratio  is  defined  by  Hering  as 

q(z)  =  s(z)/Rs(z).  (15) 

This  ratio  is  one  when  there  is  no  aerosol,  and  the  amount  greater  than  one 
indicates  the  proportion  of  aerosol  scattering  relative  to  the  Rayleigh 
scattering. 

Let  us  define  an  effective  optical  scattering  mixing  ratio  which  is 
applicable  to  the  entire  atmosphere  above  the  sensor  as 
Q.(z)  3  st-(z)/Rt-(z).  (16) 

Values  of  the  optical  scattering  mixing  ratio  were  computed  using  the 
measured  values  of  aerosol  scattering  optical  thickness  (Eq.  13)  and  the 
theoretical  values  of  Rayleigh  optical  thickness.  These  are  graphed  as  a 
function  of  the  mean  wavelength  of  the  four  filters  in  Fig.  6.  The  values 
increase  consistently  with  wavelength  and  are  generally  well  behaved.  The 
effective  optical  scattering  mixing  ratio  is  directly  useful  with  models  of  sky 
radiance  and  contrast  transmittance  through  the  atmophere  such  as  the  model 
used  in  the  FASCAT  computer  code  (Ref.  14). 

Angstrom  Coefficients.  The  turbidity  of  the  atmosphere  (effect  of  the 
aerosol  content)  is  typically  evaluated  by  means  of  the  Angstrom^  equation 
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Mt.(z>  +  At-(z)  =  6  X’a  (17) 

where  ^(z)  is  the  aerosol  absorption  optical  thickness.  Care  is 
generally  taken  to  eliminate  any  gaseous  sources  of  absorption  by  selection  of 
appropriate  windows  in  the  spectrum,  and  by  subtracting  out  the  Rayleigh 
scattering.  However,  the  remaining  aerosol  optical  thickness  is  a  composite  of 
the  aerosol  scattering  and  aerosol  absorption. 

The  aerosol  scattering  optical  thickness  method  allows  us  to  separate 
these  two  components  of  aerosol  optical  thickness.  The  coefficients  derived 
from  the  aerosol  scattering  alone  should  give  better  information  on  the  nature 
of  the  aerosol.  Thus  we  suggest  a  modified  form  of  the  Angstrom  equation  as 
fol lows 

Mt  (z)  =  B'  \c* .  (18) 


lnMtw(z)  *  InB'  +c*  InA.  (19) 

We  have  obtained  best  fit  values  of  InB'  and  c1  with  \  in  nanometers  for  the 
aerosol  scattering  optical  thickness  values  in  Table  2.  The  average 
correlation  coefficient  for  these  fits  is  -0.943  STD  0.064. 

In  addition  the  InB1  was  found  to  be  a  linear  function  of  c',  that  is 
1  nB '  =  b  +  me1 .  (20) 

A  best  fit  to  Eq.  20  produced  a  slope  ma6.429,  an  intercept  b=-3 .512  and  a 
correlation  coefficient  of  -0.996.  The  individual  values  of  InB*  and  c'  and 
the  best  fit  line  are  depicted  in  Fig.  7.  For  these  data,  a  measurement  of 
aerosol  scattering  optical  thickness  at  one  wavelength  will  predict  the  slope 
c'  and  hence  aerosol  scattering  optical  thicknesses  at  other  wavelengths  in  the 
visible  spectrum. 


Absorption  Optical  Thickness 


scattering  optical  thickness  is  the  absorption. 

Effective  Single  Scattering  Albedo.  The  single  scattering  albedo  is 
important  for  understanding  the  effect  of  absorption  relative  to  the  total 
attenuation.  The  single  scattering  albedo  is  defined  as 
w(z)  =  s(z)/a(z)  (21) 

where  a(z)  is  the  attenuation  coefficient  (which  is  the  absorption  plus  the 
scattering)  at  altitude  z. 

Let  us  similarly  define  an  effective  single  scattering  albedo  which  is 
applicable  to  the  entire  atmosphere  above  the  sensor  as 
wjz)  x  st.(z)/t.(z)*  (22) 

Values  of  the  effective  single  scattering  albedo  were  computed  based  upon  the 
aerosol  scattering  and  total  optical  thickness  values  in  Table  2.  The  total 
scattering  was  computed  using  Eq.  14.  These  albedos  are  graphed  as  a  function 
of  the  mean  wavelength  of  the  filters  in  Fig.  8.  The  values  decrease 
consistently  with  mean  wavelength  and  are  again  generally  well  behaved. 

Ozone  Absorption  Optical  Thickness  Absorption  due  to  ozone  is 
reasonably  well  documented.  In  the  visible  part  of  the  spectrum  there  is  a 
relatively  strong  ozone  continuum.  The  spectral  values  of  ozone  absorption 
optical  thickness  per  cm  t^  for  the  Chappuis  bands  are  taken  from  the 
tabular  values  of  Vigroux16  which  are  in  good  agreement  with  the  Inn  and 
Tanaka17  values.  The  absorption  values  for  each  passband  were  computed 
from 


£ztxs£x$xTxAX 

^sex^x7x^x 


(23) 


The  mean  value  of  total  ozone  for  the  Visibility  Laboratory  site  was  taken  from 
18 

Wilcox,  et  al .  to  be  0.290  cm.  Values  of  mean  ozone  optical 


thickness  for  the  four  passbands  are  given  in  Col.  8  of  Table  1. 


The  seasonal  variation  in  the  ozone  thickness  n(x)  was  computed  using  Eq. 
19 

6  from  King,  et  al . 

n(x)  =  n  +  A  sin(2itx  -  P).  (24) 

The  7i  is  the  mean  ozone  thickness,  A  the  amplitude  (0.024  for  the 
latitude  of  the  site  based  on  Ref.  18),  P  the  phase  lag  (0.72  from  Ref.  19  for 
Tucson  at  a  similar  latitude  to  the  Visibility  Laboratory)  ,  and  x  the 
fractional  day  in  the  year  [day/365]. 

Non-ozone  Absorption  Optical  Thickness  If  one  has  aerosol  scattering. 


Rayleigh  scattering,  ozone  absorption  and  total  optical  thickness,  one  can 
obtain  a  non-ozone  absorption  optical  thickness.  The  non-ozone  absorption 
thickness  t  (z)  is 

X  • 

xt_(z)  =  ^tjz)  -  zt_(z),  (25) 

where  ^(z)  is  based  upon  Eq.  10  and  stj>(z)  based  on  the 
aerosol  scattering  optical  thickness  values  in  Table  2  from  Eq.  14.  Non-ozone 
absorption  optical  thickness  values  for  the  seven  optically  stable  days  are 
graphed  in  Fig.  9.  In  the  few  cases  which  are  negative,  the  negative  amounts 
are  within  or  nearly  equivalent  to  the  STD  (i0.0072)  of  the  aerosol  optical 
thickness  values  from  which  the  absorptions  are  derived. 

The  non-ozone  absorption  optical  thickness  source  depends  on  the  passband. 
A  useful  graph  to  evaluate  the  potential  absorption  from  gas  phase  sources 
(atomic  and  molecular  absorption)  in  the  visible  spectrum  is  given  in  Fig.  10 


taken  from  Ref.  19  and  based  on  Ref.  20.  The  spectral  region  to  which  the 


passbands  apply  is  365  to  800  nm.  King  et  al .  indicate  that  surface  based 
optical  thickness  measurements  in  the  spectral  region  365  to  540  are 
essentially  free  from  gaseous  absorption  except  for  the  ozone  and  N0£ 
conti nua.  The  primary  bands  appearing  between  F40  and  800  nm  in  Fig.  10  are 
for  O2  near  630,  690  and  760  nm,  with  the  remainder  due  to  l^O. 
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The  NO2  continuum  affects  measurements  made  in  the  spectral 
region  300  to  550  nm,  peaking  at  390  nm.  Thus  the  passbands  for  filters  1  and 
2  are  affected  to  a  significant  extent.  The  NC^  burden  varies  by  an  order 
of  magnitude  but  the  heaviest  burden  occurs  during  heavy  pollution,  which  is 
not  the  case  for  optically  stable  days.  Also  the  non-ozone  absorption  values 
for  filters  1  and  2  already  show  some  negative  values.  Therefore  it  is 

_3 

reasonable  to  assume  a  minimum  NO2  burden  of  0.4  x  10  cm.  The 

NO2  absorption  optical  thickness  was  computed  for  the  four  passbands  for 

_3 

0.4  x  10  cm  from 


n 
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^S^A^A^A^ 


(26) 
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The  Mt,  values  were  taken  from  Hall  and  Blacet  .  The  L, 

N  A  S  A 

is  the  center  sun  radiance  from  Eq.  12.  The  N02  absorption  optical 
thicknesses  for  0.4  cm  of  N02  are  0.0047,  0.0028  and  0.0006  for  the 
passbands  for  filters  1,  2  and  3  respectively. 

Thus  the  passbands  for  filter  1  and  filter  2  (which  has  71  percent  of  its 
passband  below  540)  will  indicate  little  gaseous  absorption  except  for  ozone 
and  NO2.  The  photopic  effective  passband  (507  to  613  nm)  contains  several 
HgO  absorption  bands.  The  filter  4  effective  passband  (630  to  692  nm) 
includes  two  oxygen  bands  and  an  HgO  band,  therefore  it  should  indicate  a 
constant  O2  absorption  at  all  times  and  a  variable  H2O  absorption. 

Aerosol  Absorption  Optical  Thickness  Let  us  assume  that  aerosol 
absorption  is  constant  with  wavelength  within  the  precision  limits  of  our 
recovery  method.  Thus  the  average  of  the  absorption  values  for  filters  1  and 
2,  after  both  ozone  and  NO2  have  been  subtracted,  provide  the  best  value 
for  aerosol  absorption.  The  average  small  negative  values  for  Feb  14,  Feb  21 
and  2  Sept  are  approximately  equal  to  the  STD  for  the  aerosol  thickness  values 
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so  they  can  be  assumed  equal  to  zero.  We  can  then  subtract  the  average 
aerosol  absorption  from  the  non-ozone  absorption  thickness  values  for  filters 
3  and  4. 


8 


On  2  Sept,  filter  3  indicates  zero  remaining  absorption.  Therefore,  the 
remaining  absorption  for  filter  3  on  the  other  days  is  due  to  (^0  vapor 
absorption.  The  0^  absorption  should  not  vary  significantly  day  to  day 
whereas  the  H^O  vapor  absorption  for  filter  4  should  vary  similarly  to 
that  of  filter  3.  Therefore,  the  remaining  absorption  for  filter  4  (0.0146) 
on  2  Sept  should  be  due  to  C^.  Subtracting  that  value  from  the  remaining 
absorption  for  filter  4  leaves  values  not  only  similar  in  trend  to  those  for 
filter  3,  but  also  fortuitously  similar  in  magnitude. 

A  tabular  summary  of  the  above  is  given  in  Table  3.  The  averages  for 
filters  1  and  2  provided  the  aerosol  absorption  optical  thickness  values,  and 
the  averages  from  filters  3  and  4  (after  subtracting  the  02  absorption 
from  Filter  4)  provide  the  ^0  vapor  absorption  optical  thickness  values. 

The  February  period  shows  a  fairly  consistent  picture  in  terms  of 
absorption.  As  the  gas  phase  ^0  absorption  decreases,  the  aerosol 
absorption  (which  would  include  water  droplets)  increases  until  on  21  Feb 
there  is  suddenly  no  aerosol  absorption,  perhaps  due  to  overnight  dewfall. 

Aerosol  Single  Scattering  Albedo  The  aerosol  single  scattering 
albedo  is  important  for  understanding  the  effect  of  aerosol  absorption 
relative  to  the  total  aerosol  optical  thickness.  It  is  defined  as 

Mw.(z)  "  +  A^Z^’  (27) 

The  aerosol  single  scattering  albedo  based  on  the  aerosol  scattering  values  in 
Table  2  and  the  aerosol  absorption  values  in  Table  3  are  graphed  in  Fig.  11. 
Relative  Importance  of  Aerosol  Scattering  and  Absorption  Optical  Thickness 
Two  graphs  illustrate  the  relative  importance  of  the  various  components  of 

total  optical  thickness.  Figure  12  Is  a  graph  for  January  31  for  which 
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aerosol  absorption  optical  thickness  but  little  H^O  vapor  absorption  was 
indicated.  Optical  thickness  values  are  graphed  as  a  function  of  the  mean 
wavelength  of  the  four  filters.  Curves  are  given  for  the  Rayleigh  scattering, 
total  scattering,  scattering  plus  gaseous  absorption,  and  total  optical 
thickness.  The  space  between  the  Rayleigh  and  the  total  scattering  curve 
indicates  the  aerosol  scattering  optical  thickness.  The  space  between  the 
total  optical  thickness  and  the  scattering  plus  gaseous  absorption  is  the 
aerosol  absorption  optical  thickness.  The  various  components  are  of 
approximately  equal  importance  for  filter  4,  whereas  for  filter  1,  the 
Rayleigh  scattering  predominates. 

Figure  13  is  a  similar  graph  for  only  filters  1  and  4,  but  for  all  seven 
optically  stable  days  for  which  we  could  obtain  aerosol  scattering  and 
absorption  optical  thickness.  The  order  of  the  days  is  in  decreasing  order  of 
total  optical  thickness.  The  STD  of  the  aerosol  measurements  is  noted  near 
the  origin,  in  order  to  give  a  perspective  on  the  importance  or  lack  of 
importance  of  small  differences. 

Figure  13  illustrates  that  the  relative  proportions  of  the  aerosol 
scattering  and  the  aerosol  absorption  cannot  be  predicted  fully  on  the  basis 
of  the  total  optical  thickness  values.  Although  the  two  days  with  aerosol 
absorption  were  among  the  higher  total  optical  thickness  values,  so  was 
September  2  which  indicated  no  aerosol  absorption.  The  almucantar  method  for 
obtaining  aerosol  scattering  provides  a  means  for  separating  the  aerosol 
scattering  from  the  aerosol  absorption  optical  thickness. 

4.  CONCLUSIONS 

Hitherto,  there  has  been  no  means  of  separating  anything  but  Rayleigh 
scattering  and  ozone  absorption  from  the  total  optical  thickness  in  the  broad 
passbands.  In  the  past,  very  narrow  pass  bands  were  selected  in  order  to  hit 
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windows  where  gas  phase  absorption  bands  could  be  avoided,  in  an  attempt  to 
isolate  the  total  aerosol  effect.  Modelers,  however,  need  to  know  how  much  of 
this  aerosol  optical  thickness  is  scattering  and  how  much  is  absorption.  With 
the  combination  of  the  sky  scanner  and  solar  transmi ssometer ,  one  can  isolate 
the  aerosol  scattering  optical  thickness,  obtaining  values  for  broad  or  narrow 
passbands,  within  or  not  within  absorption  windows. 

We  found  that  the  aerosol  absorption  can  be  significant,  even  on  days  of 
greater  transparency  than  the  average  clear  day.  The  aerosol  single 
scattering  albedo  is  a  ratio  important  for  understanding  the  effect  of  the 
aerosol  absorption  relative  to  the  total  aerosol  optical  thickness. 

A  modified  Angstrom  equation  relates  the  aerosol  scattering  optical 
thickness  to  the  wavelength.  For  this  limited  data  set,  a  linear  relationship 
was  found  between  the  natural  log  of  the  Angstrom  constant  and  the  slope  (or 
power)  of  the  wavelength  for  the  aerosol  scattering. 

Separation  of  aerosol  scattering  and  absorption  leads  to  a  more  thorough 
understanding  of  the  state  of  the  atmosphere  in  terms  appropriate  for  use  in 
the  equation  of  transfer,  for  prediction  and  for  modeling. 
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Table  1  Spectral  characteristics  summary  for  Rooftop  1964  filters. 


Spectral 

Characteristics 

Solar 

Inherent 

Rayl eigh 

Mean 

no2 

Peak 

Mean 

Effec¬ 

Irradi ance 

Center 

Vertical 

Ozone 

Optical 

Fil 

-Wave- 

Wave¬ 

tive 

Out-of- 

Sun 

Radi ance 

Optical 

Thickness 

ter  length 

length 

Passband 

Atmosphere  Radiance 

Trans- 

Thickness 

(nm) 

(nm) 

(nm) 

(W/m  ym) 

(W/nmym) 

mi  ttance 

(0.29cm) 

(0.004cm) 

1 

450 

459 

58.1 

2080 

4.00xl07 

0.812 

0.00311 

0.0047 

2 

500 

505 

151.9 

1950 

3.66xl07 

0.852 

0.0134 

0.0028 

3 

555 

560 

106.8 

1890* 

3.45xl07 

0.907 

0.0258 

0.0006 

4 

630 

661 

61.8 

1590 

2.79xl07 

0.952 

0.0185 

0 

*  The  value  for  the  photopic  filter  3  is  expressed  in  radiometric  terms.  The 
radiance  and  irradiance  may  be  converted  to  luminance  and  illuminance  by 
multiplying  by  72.62  lu  ym/W. 


Table  2  Optical  thickness  for  the  optically  stable  days. 


Ai  r 

No. 

Total 

Optical  Thickness 

No 

.  Aerosol  Scattering 
Optical  Thickness** 

Date 

Mass 

9S 

Filter 

9s 

Fi Iter 

1964 

Type* 

1 

2 

3 

4 

1 

2  3 

4 

Jan  31 

STK 

3 

0.298 

0.255 

0.202 

0.152 

2 

0.0552 

0.0568  0.0516 

0.0405 

Feb  14 

STK 

8 

0.292 

0.236 

0.195 

0.143 

2 

0.0730 

0.0640  0.0547 

0.0435 

Feb  17 

STK 

8 

0.270 

0.218 

0.178 

0.128 

4 

0.0437 

0.0395  0.0356 

0.0288 

Feb  18 

STK 

3 

0.271 

0.231 

0.178 

0.134 

2 

0.0525 

0.0518  0.0416 

0.0326 

Feb  20 

STK 

8 

0.308 

0.272 

0.223 

0.182 

4 

0.0621 

0.0599  0.0615 

0.0548 

Feb  21 

STK 

7 

0.242 

0.198 

0.158 

0.116 

3 

0.0312 

0.0320  0.0309 

0.0269 

Mar  9 

MPK 

6 

0.296 

0.241 

0.200 

0.147 

Mar  11 

ST-MPK 

6 

0.353 

0.306 

0.252 

0.198 

Sep  2 

CTK 

8 

0.303 

0.245 

0.189 

0.144 

J> 

0.0911 

0.0790  0.0710 

0.0620 

Total 

57 

19 

*  STK  Superior  (warm,  dry  airmass  having  origin  aloft)  Tropical  Cooler 

MPK  Maritime  Polar  Cooler 

ST-MPK  Superior  Tropical  -  transitional  to  -  Maritime  Polar  Cooler 
CTK  Continental  Tropical  Cooler 

Zero  days  with  one  airmass  aloft  and  another  at  lower  levels. 

**  Not  available  for  March  9  and  11 

Table  3  Absorption  optical  thickness  for  aerosol  (average  of  filters  1  and  2) 
and  i^O  vapor  (average  of  filters  3  and  4). 


Aerosol 

H2O  Vapor 

31  Jan 

0.0243 

0.0040 

14  Feb 

0 

0.0167 

17  Feb 

0.0060 

0.0116 

18  Feb 

0.0027 

0.0132 

20  Feb 

0.0327 

0.0085 

21  Feb 

0 

0.0045 

.  SYMBOL  FILTER  PEAK  I 

nmi  i 
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Fig.  1  Relative  spectral  response  of  the  four  passbands.  Filter  2  was  the 
broadest  passband,  followed  by  filter  3,  photopic.  The  two  remaining 
passbands  are  relatively  narrow,  60  ±1.9  nm. 
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Fig.  2  Test  One  for  photopic  sky  radiances  on  21  February  1964.  The  log 
scale  for  the  ratio  emphasizes  the  consistency  of  the  fractional  standard 
deviation  from  the  horizontal  straight  line  for  scattering  angles  15°  through 
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Fig.  3  Test  Two  for  photopic  sky  radiances  on  21  February  1964.  The  values 
for  scattering  angles  15°  through  55°  46  =  5°  consistently  fit  a  straight  line 
through  the  origin. 
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Fig.  4  Test  Three  for  photopic  sky  radiances  on  21  February  1964.  The 
radiances  for  the  solar  almucantar  at  scattering  angles  15°  through  55°  46  = 
5°  consistently  rise  towards  the  expected  maximum  at  vertical  transmittance  = 
0.854.  The  solar  almucantar  for  10°  is  less  consistent,  showing  a  maximum  at 
transmittance  0.695  and  apparently  rising  again. 
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Fig.  5  Log  of  the  ratio  of  the  photopic  solar  almucantar  radiance  divided  by 
the  airmass  graphed  versus  relative  optical  airmass  for  21  February  1964.  The 
slope  of  the  straight  line  is  the  optical  thickness.  The  optical  thickness 
based  on  the  average  slope,  from  scattering  angles  15°  through  55°  ab  =  5°,  is 
0.155.  This  compares  well  to  0.158  which  is  the  slope  obtained  from  the 
apparent  sun  radiances  measured  with  the  solar  transmissometer. 
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Fig.  6  Effective  optical  scattering  mixing  ratio  Q^'z)  as  a  function  of 
the  passband  mean  wavelength  for  the  seven  optically  stable  days. 
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Fig.  9  Non-ozone  absorption  optical  thickness  t  (z)  as  a  function  of 
the  passband  mean  wavelength  for  the  seven  optically  stable  days.  The 
horizontal  lines  indicate  ±0.0072  which  is  the  STD  for  the  aerosol  optical 
thickness  values  upon  which  the  absorptions  are  based. 


Fig.  10  (Fig.  1  from  Ref.  19)  Slant  path  absorption  and  transmission  through 
the  atmosphere  (at  a  resolution  of  2.5  nm)  as  obtained  from  high  resolution 
spectra  in  the  Utrecht  Photometric  Atlas  (after  Moore  et  al . ,  Ref. 

20).  Rands  at  0.63,  0.69  and  0.76  urn  are  due  to  oxygen  absorption  while  all 
remaining  bands  are  due  to  water  vapor  absorption.  The  air  mass  varies  with 
wavelength  but  is  everywhere  less  than  2.22. 
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Fig.  11  Effective  aerosol  single  scattering  albedo  Mww(0)  as  a 

function  of  the  passband  mean  wavelength  for  the  seven  optically  stable  days 
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12  Components  of  total  optical  thickness  for  Janary  31,  1964 
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Fig.  13  Components  of  total  optical  thickness  for  filters  1  and  4  for  all 
seven  optically  stable  days,  in  order  by  decreasing  total  optical  thickness. 
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Aerosol  Scattering  and  Absorption  Optical  Thickness  II. 

From  ai rborne  measurements  in  a  polluted  atmosphere. 

By 

Jacqueline  I.  Gordon 

Viz.  Ability,  Inc.,  2941  NW  Ashwood  Drive,  Corvallis,  Oregon  97330-1255 

ABSTRACT 

This  paper  concludes  a  two  part  series.  With  measurements  of  aerosol 
scattering  and  absorption  optical  thickness  available,  the  optical  scattering 
mixing  ratio,  modified  Angstrom  equation  and  single  scattering  albedo  detail 
the  state  of  a  polluted  urban  atmosphere.  The  Angstrom  equation  for  aerosol 
scattering  is  further  developed  for  any  altitude  interval.  A  relationship 
between  the  Angstrom  constant  and  Angstrom  coefficient  was  discovered  for  the 
combined  data  from  the  two  part  series.  Any  single  aerosol  scattering 
measurement  at  any  wavelength  in  the  visible  can  be  used  to  predict  all  other 
aerosol  scattering  values  at  all  other  wavelengths  in  the  visible. 

1.  INTRODUCTION 

This  is  the  second  paper  of  a  two  part  series.  The  first  paper''  used 
a  data  base  of  ground-based  measurements  made  during  optically  stable  days 
that  were  optically  thinner  than  a  standard  clear  day.  This  second  paper  uses 
a  data  base  consisting  of  airborne  data  for  a  polluted  atmosphere  near  a  large 
metropolitan  area.  Although  the  data  bases  are  relatively  old,  the  data 
analyses  are  completely  new,  using  newly  developed  methods.  Both  were  visible 
spectrum  data  sets  but  employed  different  instruments,  passbands  and  data 
collection  procedures. 

The  data  reported  herein  are  for  14  flights  made  during  the  METROMEX 
2 

field  project  with  an  instrumented  C-130  during  8  days  in  August  1971 
near  St.  Louis,  Missouri.  The  data  are  for  three  visible  spectrum  broad 


passbands,  mean  wavelengths  478,  557  and  664  nm.  The  early  reports  on  the 
3  4 

data  base  ’  give  a  complete  description  of  instruments,  data  gathering 
procedures,  total  scattering  coefficient  and  path  radiance  for  various 
downward  paths  of  sight,  but  no  information  on  absorption  or  aerosol 
scatteri ng. 

5 

The  notation  used  is  that  adopted  by  the  Visibility  Laboratory  and 
modified  to  correspond  to  Optical  Society  of  America  recommendations  in  uec.  1 
of  Driscoll  and  Vaughan^. 

2.  INSTRUMENTATION  AND  DATA  PROCEDURES 

The  instruments  used  in  the  data  collection  were  an  integrating 
nephel ometer ,  a  dual  irradiometer  for  measuring  upwelling  and  downwelling 
irradiance,  and  two  2ir  scanners  for  measuring  the  sky  and  the  terrain 
radiances,  respectively.  Pictures  were  taken  with  two  fisheye-lens  cameras  to 
document  the  upper  and  lower  hemispheres.  In  addition,  ambient  pressure, 
temperature  and  dewpoint  temperature  were  measured. 

2.1  Procedures 

The  first  element  of  a  flight  was  level  at  the  lowest  altitude  AGL  (above 
ground  level)  feasible.  The  average  low  level  flight  altitude  for  the  14 
flights  was  0.15  km  AGL,  STD  (standard  deviation)  0.05  km.  During  level 
flight,  measurements  were  made  with  all  three  radiometric  instruments  using 
one  passband.  When  the  entire  4w  lighting  distribution  was  recorded, 
measurements  were  repeated  for  the  other  two  passbands.  During  level  flight, 
the  data  were  always  taken  in  the  filter  order  2,  3  then  4,  mean  wavelengths 
478,  664  and  557  respectively. 

As  the  plane  ascended  to  the  top  of  the  primary  haze  layer  (determined 
visually),  the  integrating  nephelometer  recorded  a  vertical  profile  using  the 
filter  2  passband.  The  level  flight  element  was  then  repeated.  The  average 
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second  level  flight  altitude  for  the  14  flights  was  1.3  km  AGL,  STD  0.2  km.  A 
second  vertical  profile  was  recorded  while  ascending  to  an  average  altitude  of 
2.2  km  AGL,  STD  0.9  km,  for  a  third  level  flight  element.  The  aircraft  then 
descended  to  the  lowest  altitude  while  recording  with  the  integrating 
nephelometer  using  the  filter  3  passband,  and  ascended  to  the  top  altitude 
recording  the  filter  4  passband. 

Most  of  the  flights  contained  three  level  flight  elements.  Two  of  the 
flights  contained  two  and  one  flight  contained  four  level  flight  elements. 

The  data  on  all  but  two  of  the  flights  were  taken  near  noon  so  that  changes  in 
solar  zenith  angle  over  the  flight  duration  were  minimized.  On  six  of  the 
days,  two  flights  were  flown  in  succession,  one  on  either  side  of  the  city,  in 
an  attempt  to  record  measurements  upwind  and  downwind  of  the  city. 

The  optical  thicknesses  which  will  be  described  herein  are  for  the 
altitude  intervals  between  level  flight  elements.  These  provide  a  description 
of  the  primary  haze  layer  and  the  secondary  haze  layer.  The  average  altitude 
interval  for  the  primary  haze  layer  was  1.1  km,  STD  0.2  km.  The  average 
altitude  interval  for  the  secondary  haze  layer  measurements  was  1.2  km,  STD 
0.2  km.  This  latter  measurement  interval  was  arbitrary.  The  secondary  haze 
layer,  in  actuality,  continued  to  much  higher  altitudes. 

2.2  Radiometric  systems 

The  basic  detector  was  a  multiplier  phototube  with  an  S-20  spectral 
response.  The  phototube  assembly  and  isolite  photometric  reference  sources 
were  mounted  within  a  temperature  control  housing.  This  maintained  the 
-dative  spectra1  sensitivity  of  the  phototubes7  and  ensured  the 
temperature  stability  of  the  reference  sources. 


Integrating  Nephelometer 

The  integrating  nephelometer  was  mounted  on  top  of  the  aircraft  fuselage. 


The  nephelometer  measured  the  flux  scattered  from  a  collimated  beam.  An 
irradiometer  mounted  adjacent  to  the  beam  collected  the  flux  scattered  from 
angles  5°  to  i70°. 

By  remote  control,  a  reflecting  surface  was  periodically  inserted  into 
the  beam  on  the  side  away  from  the  projector  and  a  direct  measure  of  the  beam 
flux  taken.  The  nephelometer  thus  became  a  ratio  device,  no  longer  dependent 
on  the  absolute  calibration.  Details  of  the  design  and  calibration  equations 

Q 

are  given  by  Gordon  and  Johnson  . 

Dual  Irradiometer 

The  dual  irradiometer  was  mounted  on  a  wing  tip  such  that  the  two  flat 
plate  optical  collectors  could  receive  the  radiant  flux  from  the  upper  and 
lower  2 it  hemispheres.  A  rotating  prism  directed  the  collected  flux  to  a 
single  phototube.  The  position  of  the  prism  was  controlled  by  an  operator 
within  the  ai rcraft. 

Scanners 

Two  identical  scanners  were  used  for  measuring  the  sky  and  the  terrain 
radiances.  The  sky  scanner  was  mounted  on  top  of  the  fuselage  and  the  terrain 
scanner  beneath  the  fuselage.  Each  scanner  had  a  small  moveable  telescope 
with  a  5°  field  of  view.  The  telescopes  continually  moved  in  a  spiral  pattern 
which  covered  the  full  hemisphere  in  160  seconds.  Radiances  were  sampled  at  a 
fate  of  60  per  second.  Azimuth  and  elevation  angle  positions  were  sampled  at 
a  rate  of  15  per  second  and  3  per  second  respectively. 

2.3  Spectral  Specifications  of  Radiometric  Data 

The  standard  relative  spectral  responses  for  the  radiometric  measurements 
are  depicted  in  Fig.  1.  These  are  the  normalized  curves  of  the  spectral 
response  of  the  standard  phototube  S~  times  the  standard  transmittance  T~*  of  the 

A  A 

filter.  The  spectral  passbands  for  the  three  instruments  were  equivalent. 


The  effective  passband  (or  area  under  the  relative  response  curve)  and 
the  mean  wavelength  for  each  passband  are  presented  in  Table  1.  The  remaining 
four  columns  in  Table  1  are  solar  and  atmospheric  properties  appropriate  for 
each  passband,  the  details  of  obtaining  these  solar  and  atmospheric  properties 
were  explained  in  detail  in  Ref.  1. 

2.4  Radiometric  Calibrations 

The  calibration  procedure  used  standard  photometric  practices,  a  3-meter 
optical  bench,  and  incandescent  standards  of  luminous  intensity  traceable  to 
the  National  Bureau  of  Standards.  The  linearity  calibrations  extended  over  a 
radiance  span  of  5  log  cycles.  The  precision  depended  upon  the  portion  of  the 
range  in  use.  At  the  center  of  the  span  a  readout  precision  of  ±1%  of  the 
reading  was  achieved.  The  measurements  for  the  three  passbands  tended  to  be 
in  the  central  portion  of  the  span.  Typical  standard  deviations  for  the 
calibration  constants  are  on  the  order  of  ±5%. 

The  linearity  and  absolute  calibrations  were  conducted  prior  to  and 
following  the  field  trip.  During  the  calibration  procedure  and  during  the 
flights,  each  phototube  was  periodically  exposed  to  an  Isolite  internal 
reference  source.  The  long  term  stability  of  each  detector  was  thus  monitored 
and  automatic  adjustments  made  to  its  calibration  constants. 

3.  DATA  ANALYSES 

The  total  optical  thickness  has  two  basic  components,  the  scattering 
optical  thickness  stAZ(z)  and  the  absorption  optical  thickness 
t,  (z).  The  z  is  the  measurement  altitude,  the  subscript  Az 

d  aZ 

indicates  the  altitude  interval  to  which  the  thickness  t  applies. 

In  addition,  the  scattering  and  absorption  components  can  each  be  divided 
into  a  gas  phase  component  and  an  aerosol  component.  The  word  aerosol  is  used 
herein  to  describe  the  liquid  and/or  solid  particulates  exclusive  of  the  gas 


CD  "O  XJ 


phase  in  which  they  are  embedded.  This  is  consistent  with  Prospero,  et 


3.1  Scattering  Optical  Thickness 

The  total  scattering  optical  thickness  is  the  integral  of  the  total 
volume  scattering  coefficient  s(z)  over  the  altitude  interval  az 

stsz(z>  =  az'  s(z)az-  (l> 

The  total  volume  scattering  coefficient  s(z)  was  measured  by  the  integrating 

nephelometer  during  the  vertical  flight  profiles  flown  between  the  straight 

and  level  flight  elements  and  was  available  for  each  30  m  increment  in 

altitude.  The  total  scattering  optical  thickness  for  the  altitude  interval 

between  the  level  flight  elements  was  computed  for  each  passband  using  the 

trapazoidal  rule. 

Rayleigh  Scattering  Optical  Thickness 

The  gas  phase  scattering  (the  molecular  or  Rayleigh  scattering)  is 
readily  obtainable  by  computation.  Appropriate  values  of  Rayleigh  volume 
scattering  coefficient  for  sea  level,  15°C  are  given  in  Table  1  for  the  three 
passbands. 

The  Rayleigh  optical  thickness  for  the  atmosphere  above  the  altitude  z 
was  computed  using 

Rt.( z)=Rs(0 ,15°C)H(0 ,15°C)P( z)/P(0 ,15°C)=Rs(0 ,15°C)P( z)8.3244  (2) 

where  H(0,15°C)  is  the  scale  height  in  meters  for  sea  level  at  a  temperature 
of  15°C,  and  P(z)  is  the  measured  pressure  in  millibars  at  altitude  z.  The 
scale  height  and  sea  level  pressure  were  taken  from  the  U.  S.  Standard 
Atmosphere^ . 

The  Rayleigh  optical  thickness  for  the  haze  layer  in  altitude  increment 
az  is  found  from 

RtAz^2^  =  R1*^ Z1 ^  "  Rt-^z2^  ^ 
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average  correlation  coefficient  for  these  fits  is  -0.976,  STD  0.043. 

In  the  first  article  of  this  two  part  series  (Ref.  1  ) ,  we  found  that 
1 nB ‘  was  a  linear  function  of  c'  thus 

1  nB 1  =  b  +  me'  .  ( 7 ) 

A  best  fit  to  Eq.  7  for  the  data  set  in  Ref.  1  produced  a  slope  m=-6.429,  an 
intercept  b= -3 .152  and  a  correlation  coefficient  of  -0.996.  This  was  based  on 
7  days  of  data  measured  on  optically  stable  days.  The  four  passbands  used  had 
mean  wavelengths  of  459,  505,  560  and  661  nm. 

Fitting  the  slopes  c'  and  intercepts  InB1  derived  from  the  nephelometer 
data  to  Eq.  7  we  again  obtained  a  good  linear  fit  with  a  similar  slope  and 
intercept  and  a  correlation  coeficient  of  -0.972. 

Fig.  2  shows  the  slopes  c'  and  intercepts  InB'  of  the  combined  sets  of 
data.  The  best  fit  to  this  combined  data  set  yields  a  slope  m=-7.108,  an 
intercept  b=-3 . 243  and  a  correlation  coefficient  of  -0.983.  Data  set  1  (shown 
as  circles)  contains  optical  thicknesses  through  the  entire  atmosphere 
appropriate  for  days  more  transparent  than  the  average  clear  day.  Data  set  2 
(shown  as  x  for  the  primary  haze  layer,  +  for  the  secondary  haze  layer  and  * 
for  the  total  altitude  interval  jf  each  flight)  contains  the  large  aerosol 
scattering  optical  thicknesses  expected  from  haze  layers  in  a  fairly  polluted 
atmosphere.  Some  of  the  data  from  the  secondary  haze  layers  overlap  the 
values  from  data  set  1. 

The  unmodified  Angstrom  equation  for  the  total  aerosol  optical  thickness 
is  (from  Eq.  6.6.1  of  Ref.  12) 

Mtjz)  +  ptji)  =  8  *’a.  (8) 

where  ^(z)  is  the  aerosol  absorption  optical  thickness.  The  average 

12 

slope  a  is  1.3  ±0.5  for  most  natural  atmospheres  .  The  slope  a  (for 


total  aerosol  optical  thickness)  equals  the  slope  -c'  (for  aerosol 


scattering  optical  thickness)  when  there  is  no  aerosol  absorption.  The  slopes 
in  Fig.  2  exceed  the  range  for  -a  in  both  directions. 

The  methods  of  measuring  aerosol  scattering  optical  thicknesses  for  the 
two  data  sets  are  completely  different.  The  passbands  used  are  not  equivalent 
although  they  encompass  about  the  same  portion  of  the  visible  spectrum. 
Together,  the  two  data  sets  encompass  a  large  range  of  conditions  and  appear 
to  define  a  relationship  which  is  invariant  whether  the  aerosol  scattering 
optical  thicknesses  are  for  the  entire  atmosphere  or  for  one  or  two  haze 
1 ayers. 

Thus,  the  constant  in  the  modified  Angstrom  equation  can  be  predicted  for 
a  wide  range  of  aerosol  scattering  optical  thickness  values  if  the  power  (or 
slope)  c'  in  Eq.  7  is  known. 

Combining  Eqs.  6  and  7  we  get 

1 nMtAZ(z)  =  b  +  c1 (m  +  lnx) ,  (9) 

or 

c'  =  ^'Vaz^  '  +  lrU)’  (10) 

where  b  and  m  are  invariant.  Thus  a  measurement  of  aerosol  scattering  optical 
thickness  at  one  wavelength  will  predict  the  slope  c'  and  allow  a  prediction 
of  aerosol  scattering  optical  thickness  at  other  wavelengths. 

The  data  in  Fig.  2  are  limited  to  passbands  with  mean  wavelengths  between 
459  and  664  nm  but  the  results  should  apply  to  the  entire  visible  spectrum  400 
to  700  nm. 

Effective  Optical  Scattering  Mixing  Ratio.  The  effective  optical 
scattering  mixing  ratio  (eq.  17,  ref.  1)  is  another  means  of  describing 
aerosol  scattering  effects 

Q.u>  ■  St.u)/Rt.u).  mi 

This  ratio  is  one  when  there  is  no  aerosol  ,  and  the  amount  greater  than  one 
indicates  the  proportion  of  aerosol  scattering  relative  to  the  Rayleigh 
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scatter! ng. 

We  can  further  develop  the  effective  optical  scattering  mixing  ratio  to 
be  applicable  to  haze  layers  or  the  entire  atmosphere 

V2’  =  (12) 

This  is  a  useful  quantity  since  the  Rayleigh  optical  thickness  is  readily 
derivable  for  any  altitude  increment  if  the  altitudes,  temperatures  and 
pressures  are  known  or  can  be  estimated.  Thus  the  aerosol  scattering  effect 
can  be  accounted  for  and  the  total  scattering  optical  thickness  obtained  by 
multiplying  the  Rayleigh  optical  thickness  by  the  ratio  Q. 

Values  of  effective  optical  scattering  mixing  ratio  were  computed  for 
each  haze  layer  using  the  total  scattering  optical  thicknesses  from  the 
•nephelometer  and  the  Rayleigh  optical  thicknesses  from  Eq.  (4).  These  are 
graphed  as  a  function  of  the  mean  wavelength  of  the  three  passbands  for  the 
primary  haze  layer  in  Fig.  3  and  for  the  secondary  haze  layer  in  Fig.  4.  The 
curves  are  labeled  with  the  flight  numbers,  C180  through  C188B. 

There  is  some  overlap  between  the  two  figures;  in  these  cases  the  primary 
haze  layer  is  thinner  optically  than  the  secondary  haze  layer  at  another 
location  and  time.  The  increase  of  Q  with  wavelength  is  typical.  The 
effective  optical  scattering  mixing  ratios  Q^O)  from  Ref.  1  were  much 
smaller.  They  ranged  from  1.2  to  1.5  at  459  nm  to  1.5  to  2.3  at  661  nm. 

To  get  an  estimate  of  the  variability  of  Q(z)  within  the  haze  layers,  we 
first  computed  Q(z)  from  (Eq.  15  Ref  1) 

Q(z)  =  s(z)/Rs(z).  (13) 

The  Rs(z)  was  computed  from  the  values  in  Table  1  times  the  density  ratio. 

The  density  for  each  altitude  was  based  on  the  measured  pressure  and 
temperature.  Then  we  computed  the  fractional  standard  deviation  from  the 
average  for  each  haze  layer.  The  average  fractional  standard  deviation  was 
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0.276  with  an  STD  from  that  average  of  0.273. 


k: 
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Values  of  the  optical  scattering  mixing  ratio  should  be  more  useful  than 
the  actual  values  of  the  aerosol  scattering  optical  thickness  for  each  haze 
layer.  The  aerosol  scattering  optical  thickness  is  directly  affected  by 
variations  in  the  altitude  interval  az  and  the  pressure  and  temperature 
(density)  profile  with  altitude  of  the  interval.  In  contrast,  the  optical 
scattering  mixing  ratio  has  these  differences  factored  out,  as  a  ratio  to  the 
Rayleigh  optical  thickness  which  takes  density  and  altitude  interval  into 
consideration. 

3.2  Absorption  Optical  Thickness 

In  the  visible  portion  of  the  spectrum,  the  absorption  optical  thickness 
for  a  haze  layer  can  be  determined  from 
(Ref.  13,  Eq.  47) 

atAz  =  ^zo}  '  5(z)]/ITzy  (14) 

where  zQ  is  greater  than  z.  The  net  irradiance  (or  net  flux)  z{z)  is  the 
difference  between  the  downwelling  irradiance  E(z,d)  and  the  upwelling 
i rradiance  E(z,u) 

5(z)  =  E(z,d)  -  E(z,u) .  (15) 

The  net  flux  difference  S(zQ)  -  C(z)  is  also  called  the  flux  divergence. 

The  e(z)  is  the  average  total  scalar  irradiance  for  the 

altitude  i ncrementbetween  zQ  and  z.  The  total  scalar  irradiance  is 


defined  as 

£(z)  =  s£(z)  +  4/  L(z,9,0)dn, 

where  s£(z)  is  the  solar  scalar  irradiance  at  altitude  z. 


(16) 


Computation  Procedures 

The  data  set  included  downwelling  and  upwelling  irradiance  measurements 
made  by  a  single  photometer  (thus  minimizing  absolute  error  effects).  It  also 
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included  the  4ir  radiance  distribution  L(z,9,0)  as  measured  by  the  two 
scanning  tel ephotometers .  Unfortunately  the  sky  scanner  contained  internal 
reflection  errors  in  the  measurements  of  radiance  within  25°  of  the  sun. 

Sky  Radiances  Near  Sun.  The  scanner  internal  reflectance  handicap 

★ 

was  overcome  by  assuming  the  log  of  the  sky  radiance  L  (z.9,.,8)  to  be 
linear  as  a  function  of  the  cosine  of  the  angle  from  sun  8,  from  0°  to  30°  in 
the  solar  almucantar  (at  solar  zenith  angle  9  ) 

lnL_(z,9s>8)  =  A  +  M  coss.  (17) 

Average  values  of  solar  almucantar  radiance  for  25°  and  30°  in  8  were  computed 
and  used  to  solve  for  the  intercept  A  and  slope  M  for  each  level  altitude  and 
passband. 

The  sky  radiances  for  B<25°for  zenith  angles  less  than  and  greater  than 
the  sun  zenith  angle  were  computed  by  assuming  the  sky  radiance  to  be  a 
function  of  the  effective  equilibrium  radiance  Lq(z,e)  and  the  scattering 

transmittance  T  (z,9)  (Eq.  9,  Ref.  14) 

s  m 

Lq( z ,8 )  *  L*(z,9,0)/[1  -  sTjz,0)].  (18) 

The  scattering  transmittance  at  any  zenith  angle  9  is  a  function  of  the 
total  scattering  optical  thickness  and  the  relative  optical  airmass 
m(9)15, 

sT-(z,9)  =■  exp[-$t-(z)  m(9)] .  (19) 

Equilibrium  radiance  is  in  turn  assumed  to  be  primarily  a  function  of  the 
scattering  angle  8.  Using  the  solar  almucantar  radiances  to  indicate  the 
equilibrium  radiance  as  a  function  of  8,  the  sky  radiance  at  other  zenith 
angles  could  be  computed  from 

l*( z ,9 ,0)=  L*(z,0.,3)[l-  T  (z,9)]/l-  T  (z,9  )].  (20) 

•  m  b  b  ®  5  ®  5 

The  scattering  transmittance  was  computed  from  (Eq.  60,  Ref.  8) 
L*(z,9,55o6)/LJz,9s,55°8K1-sT-(z,0)]/[1-sTJz,0s)]. 
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Although  not  solvable  directly,  Eq.  21  is  readily  solved  by  iteration.  The 
sky  radiances  used  for  the  ratio  were  from  the  solar  almucantar  Qs  and 
for  9=82.5°.  Although  the  precision  of  the  scattering  optical  thickness 
recovered  by  this  method  is  not  high  (Ref.  1),  it  is  adequate  for  the  purpose 
of  correcting  the  sky  radiances  near  the  sun. 

Sun  Scalar  Irradiance.  The  solar  irradiance  sE(z,d)'was  computed 
from  the  measured  downwelling  irradiance  E(z,d)  and  the  computed  sky 
irradiance  as  follows 

sE(z,d)  =  E(z,d)  -  zf  L*(z,0,0)  cos9  da.  (22) 

The  sun  scalar  irradiance  is  then 

se(z)  =  sE(z,d)/cos9$.  (23) 

For  the  actual  computation  of  the  absorption  optical  thickness,  an 
average  solar  zenith  angle  for  the  given  passband  and  altitude  interval  was 
used  both  for  the  computation  of  total  scalar  irradiance  and  the  flux 
difference.  This  involved  modifying  the  contribution  of  the  sun  for  both  the 
downwelling  irradiance  and  the  total  scalar  irradiance.  In  order  to  do  this, 
an  estimate  of  the  total  optical  thickness  was  necessary  so  that  the  relative 
optical  airmass  differences  due  to  sun  zenith  angle  change  could  be  applied. 
The  total  optical  thickness  was  computed  from 

tjz)  =  [se(z)/se(-)]cos0s.  (24) 

The  sun  irradiance  out-of-the-atmosphere  se(-)  was  obtained  from  the  mean 
value  in  Table  1  for  each  passband,  times  the  square  of  the  ratio  of  the  solar 
diameter  <p  for  each  date  to  the  mean  solar  diameter 
s£(»)  *  T^TU/*)2.  (25) 

Flux  Error  Estimate.  The  above  procedures  forced  the  downwelling 
irradiance  computed  from  the  scanner  radiances  to  be  equivalent  to  the 
downwelling  irradiance  as  measured  by  the  i rradiometer.  This  insured  the 


appropriateness  of  the  scalar  sky  irradiance  computed  from  the  scanner  values. 
The  portion  of  the  total  scalar  irradiance  contributed  by  the  terrain  scanner 
had  no  such  forcing.  An  estimate  of  that  error  was  computed. 

The  proportional  error  P  contributed  by  the  upwelling  flux  to  the  total 
flux  was  assumed  to  be  equivalent  to  the  scalar  albedo  $A  (the  ratio  of 
the  upwelling  scalar  irradiance  to  the  downwelling  scalar  irradiance);  times 
the  ratio  of  the  upwelling  irradiance  cE(z,u)  (computed  from  the  scanner 
radiances)  divided  by  the  upwelling  irradiance  (from  the  irradiometer) ,  minus 
one 

P  ■  SA  CcE(z,u)/E(z,u)  -  1].  (26) 

The  average  proportional  error  to  the  total  flux  contributed  by  using  the 
upwelling  scalar  irradiance  computed  from  the  terrain  scanner  radiances  was 
0.009,  STD  0.020. 

Absorption  Optical  Thickness  Values 

Use  of  Eq.  (14)  to  obtain  absorption  optical  thickness  assumes  an  instant 
in  time  and  measurements  differing  in  position  only  vertically.  Thus  the 
atmosphere  had  tn  be  homogeneous  along  the  flight  track  and  stable  over  the 
period  of  the  data  measurement  sequence  for  the  results  to  be  reasonable. 

Various  tests  were  used  to  indicate  homogeniety  and  stability  during  the 
entire  flight.  First,  absorption  thickness  values  for  the  primary  haze  layer 
must  be  positive  for  all  passbands  (flights  C181,  C182A,  C183B,  C185B,  C186A 
and  C187A  did  not  pass  this  test).  Second,  small  negative  values  for  the 
secondary  haze  layer  were  acceptable  but  not  large  negative  values  of 
absorption  optical  thickness  (flight  C185A  had  large  negative  values).  Third, 
absorption  values  for  the  primary  haze  layer  should  be  generally  larger  than 
the  absorption  values  for  the  secondary  haze  layer  (flight  C188A  did  not  pass 
this  test).  Fourth,  the  total  optical  thickness  values  obtained  using  Eq.  24 
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should  make  sense  spectrally  and  should  compare  reasonably  to  the  sum  of  the 
total  scattering  optical  thickness  from  the  nephelometer  values  and  the 
absorption  optical  thickness  from  Eq.  14  (flight  C187B  failed  this  test). 

Five  flights  passed  all  four  tests,  and  two  of  these  flights  passed  all 
the  tests  for  both  the  primary  and  the  secondary  haze  layer.  The  other  three 
had  one  or  more  small  negative  absorption  values  for  the  secondary  haze  layer. 
The  absorption  optical  thickness  values  for  the  primary  haze  layer  are 
depicted  in  Fig.  5  for  these  five  flights. 

Figure  6  shows  the  absorption  optical  thickness  values  for  the  two 
flights  where  reasonable  values  for  the  secondary  haze  layer  were  obtained. 

The  values  for  the  primary  layer  are  denoted  by  x,  the  secondary  layer  by  o 
and  the  total  flight  altitude  interval  by  *.  Note  the  change  in  scale  from 
Fig.  5.  The  altitudes  of  measurement  for  the  haze  layers  for  these  flights 
are  given  in  Table  2. 

Single  Scattering  Albedo.  The  single  scattering  albedo  w  (z) 
for  each  haze  layer  and  the  total  altitude  interval  was  computed  from 


"»z(z)  ■  +  a'lz™-  (27) 

Eq.  27  is  a  further  development  of  the  effective  single  scattering  albedo  in 

Ref.  1  allowing  the  concept  to  apply  to  any  altitude  interval.  The  values  for 

the  primary  haze  layer  are  graphed  as  a  function  of  the  mean  wavelength  of  the 

passbands  in  Fig.  7.  The  single  scattering  albedo  for  both  haze  layers 

individually  and  in  sum  is  given  in  Fig.  8  for  flights  C183A  and  C186B. 

Values  of  the  single  scattering  albedo  should  be  more  useful  than  the 
actual  values  of  absorption  optical  thickness.  The  absorption  optical 
thickness  is  directly  affected  by  variations  in  the  altitude  interval  az,  and 
the  pressure  and  temperature  (or  density)  profile  with  altitude  within  that 
interval.  In  contrast,  the  single  scattering  albedo  has  these  differences 
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Aerosol  absorption  optical  thickness  is  expected  to  be  relatively  neutral 
spectral ly . 

For  the  secondary  haze  layer  we  can  probably  assume  that  absorption  for 
the  filter  2  passband  (effective  passband  468  to  488  nm)  is  aerosol 
absorption.  This  passband  lies  in  the  spectral  region  365  to  540  nm  which  is 
essentially  free  from  gaseous  absorption  except  for  the  ozone  and  NO^ 
continua  for  atmospheric  optical  thickness  measurements.  Ozone  and  N02 
continua  absorptions  are  in  the  spectral  region  of  the  filter  2  passband  as 
noted  in  Table  1.  However,  ozone  and  NC^  are  primarily  in  the  boundary 
layer  (primary  haze  layer)  or  above  the  troposphere.  Therefore  the  effect  of 
these  continua  can  probably  be  neglected  for  the  secondary  haze  layer. 

Note  that  the  secondary  haze  layer  absorption  values  in  Fig.  6  are 
relatively  neutral  spectrally.  We  can  probably  assume  that  the  absorption  in 
the  secondary  haze  layer  for  these  two  flights  is  primarily  aerosol  absorption 
for  all  three  passbands.  The  two  passbands  above  540  nm  were  narrow  enough 
and  so  placed  in  the  spectrum  (filters  4  and  3  effective  passbands  518  to  596 
and  649  to  679  respectively)  that  they  miss  the  strong  O2  absorption  bands 
at  630  and  690nm.  All  the  secondary  haze  layers  and  above  were  cloud  free,  so 
that  H^O  vapor  which  might  affect  the  passbands  for  filters  4  and  3  would 
be  at  a  minimum. 

The  higher  absorption  optical  thickness  values  in  the  primary  haze  layers 
for  the  passbands  for  filters  4  and  3  compared  to  filter  2  can  be  expected  to 
be  heavily  due  to  gaseous  absorption  from  H^O  plus  various  pollutents. 

However  the  absorption  values  for  the  filter  2  passband  would  probably  include 
N0,^  and  ozone  absorption.  Therefore  aerosol  absorption  for  the 


primary  layer  and  the  total  altitude  interval  are  probably  less  than  the  total 
absorption  for  the  filter  2  passband  in  each  case. 

Aerosol  Single  Scattering  Albedo.  Let  us  assume  that  the  total 
absorption  values  for  all  three  passbands  are  a  reasonable  indication  of 
aerosol  absorption  for  the  secondary  haze  layer.  Using  this  assumption,  we 
computed  the  aerosol  single  scattering  albedo  from 
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These  are  given  in  Fig.  9  for  the  two  flights  with  valid  absorption  values  for 

the  secondary  haze  layer. 

4.  CONCLUSIONS 

This  two  part  article  series  used  new  methods  for  recovery  of  aerosol 
scattering  and  absorption  optical  thickness  on  available  optical  data.  The 
first  paper  used  a  data  base  of  ground-based  measurements  made  during 
optically  stable  days  that  were  optically  thinner  than  a  standard  clear 
day1.  This  second  paper  used  a  data  base  consisting  of  airborne  data  for 
a  polluted  atmosphere  near  a  large  metropolitan  area.  Both  were  visible 
spectrum  data  sets  but  employed  different  instruments,  passbands  and  data 
collection  procedures. 

Actual  values  of  absorption  optical  thickness  for  through  the  atmosphere 
(first  data  set)  and  for  the  primary  and  secondary  haze  layers  (second  data 
set)  were  obtained,  a  unique  accomplishment.  Previous  through-the-atmosphere 
research  isolated  the  aerosol  effect  as  a  combination  of  aerosol  scattering 
and  aerosol  absorption.  In  the  first  article  we  were  able  to  derive  aerosol 
scattering  optical  thickness  in  addition  to  total  optical  thickness  and 
therefore  obtain  absorption  optical  thickness.  Previous  troposphere 
researchers17  determined  the  flux  divergence  (change  in  net  flux  with 
altitude)  as  an  indicator  of  absorption  but  did  not  obtain  actual  absorption 


optical  thickness  values.  the  second  data  set,  by  having  a  total  scalar 
irradiance  value  concurrt  „ith  flux  divergence,  a  direct  measure  of  total 
absorption  optical  thickness  was  obtainable. 

The  absorption  recovery  technique  used  in  the  second  data  set  is  limited 

to  the  visible  spectrum  or  shorter  wavelengths  but  may  be  used  for  broad  or 
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narrow  passbands.  Longer  wavelengths  require  an  emission  term  . 

In  the  first  article  (first  data  set)  we  found  aerosol  absorption  could 
be  significant  even  on  some  days  of  greater  transparency  than  the  average 
clear  day.  For  the  second  data  set  (urban  pollution),  we  were  able  to  obtain 
a  reasonable  value  of  aerosol  absorption  for  the  secondary  haze  layer  but  not 
for  the  primary  haze  layer.  Further  knowledge  of  the  types  and  amounts  of 
polluting  gases  present  would  be  needed  to  obtain  an  aerosol  absorption  value 
for  the  primary  layer.  Use  of  judiciously  selected  narrow  passbands  would  aid 
in  the  identification  of  these  gases  and  consequent  isolation  of  the  aerosol 
absorption  optical  thickness. 

The  Angstrom  equation  was  further  modified  to  describe  the  aerosol 
scattering  optical  thickness  for  any  altitude  interval.  For  both  data  sets, 
we  found  that  the  natural  log  of  the  constant  was  a  linear  function  of  the 
slope.  This  relationship  only  becomes  apparent  when  the  scattering  and 
absorption  of  aerosols  are  separated.  The  relationship  in  the  classical 
Angstrom  equation,  which  relates  the  total  aerosol  optical  thickness  to 
wavelength,  is  distorted  by  the  inclusion  of  the  aerosol  absorption  optical 
thickness. 

An  alternate  form  of  the  Angstrom  equation  was  developed; 
c1  2  (1nMtAZ(z)  -  b)/(m  +  Inx),  (10) 

where  b  and  m  are  invariant.  Thus  a  measurement  of  aerosol  scattering  optical 
thickness  at  one  wavelength  will  predict  the  slope  c'  and  allow  a  prediction 


of  aerosol  scattering  optical  thickness  at  other  wavelengths.  An  important 
question  to  be  asked  is,  how  general  is  the  relationship?  Do  dust,  smoke,  and 
salt  nuclei  of  marine  air  also  fit  this  modified  Angstrom  equation  for  aerosol 
scattering  optical  thickness? 

The  two  data  sets  together  encompass  a  large  range  of  optical  thickness 
and  appear  to  define  a  relationship  which  is  invariant  whether  the  aerosol 
scattering  optical  thicknesses  are  for  the  entire  atmosphere  or  for  a  haze 
layer  or  two.  The  methods  of  measuring  the  optical  thicknesses  for  the  two 
data  sets  are  completely  different.  The  passbands  used  are  not  equivalent 
although  they  encompass  about  the  same  portion  of  the  visible  spectrum.  The 
data  are  limited  to  passbands  with  mean  wavelengths  between  459  and  664  nm  but 
the  results  should  apply  to  the  entire  visible  spectrum  400  to  700  nm. 
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Table  1  Spectral  characteristics  summary  for  airborne  passbands. 


Spectral  Characteristics 

Solar 

Rayl ei gh 

Ozone 

NO  ~ 

Peak 

Mean 

Effective 

Irradi ance 

Scatteri ng 

Absorption 

Absorption 

Fil¬ 

Wave- 

Wave¬ 

Passband 

Out-of- 

Coefficient 

Optical 

Optical 

ter 

1 ength 

length 

Atmosphere 

(0,15°C) 

Thi ckness 

Thickness 

(nm) 

(nm) 

(nm) 

(W/tn^um) 

(per  km) 

(per  0.1cm) 

(per  0.001cm 

2 

475 

478 

19.9 

2140 

0.0207 

0.00166 

0.0098 

4 

550 

557 

78.5 

1900 

0.0115 

0.00893 

0.0012 

3 

660 

664 

30.2 

1570 

0.00541 

0.00052 

0 

Table  2  The  measurement  altitudes  and  altitude  intervals  for  the  haze  layers 
for  which  absorption  optical  thicknesses  were  obtained. 


Primary  Haze 

Layer 

Secondary  Haze 

Layer 

FI ight 

Lowest  Altitude 

Interval 

Lowest  Altitude 

Interval 

Number 

(km) 

(km) 

(km) 

(km) 

C180 

0.10 

1.29 

C182B 

0.09 

1.29 

C183A 

0.12 

1.16 

1.28 

1.23 

C186B 

0.20 

1.20 

1.40 

1.20 

C188B 

0.23 

1.19 
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WAVELENGTH,  (X,nm) 


Mean  Wavelength  (nm) 


Fig.  3  Optical  scattering  mixing  ratio  Q  (z)  as  a  function  of  passband 
mean  wavelength  for  the  primary  haze  layer? 
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Fig.  4  Optical  scattering  mixing  ratio  Q  ( z)  as  a  function  of  passband 
mean  wavelength  for  the  secondary  haze  layer. 
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Fig.  5  Absorption  optical  thickness  t  ( z)  as  a  function  of  passband 
nean  wavelength  for  the  primary  haze  fayer  for  five  flights. 
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Fig.  6  Absorption  optical  thickness  t  (z)  as  a  function  of  passband 
mean  wavelength  for  the  primary  x,  secondary  o,  and  total  altitude  interval 
for  two  flights. 
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Fig.  9  Aerosol  single  scattering  albedo  „w  (z)  as  a 
passband  mean  wavelength  for  the  secondary  naze  layer 


function  of 
for  two  flight 


